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intra-cavity  correction  by  a  modal  liquid-crystal  adaptive  lens 
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I.R.  Guralnik^’^,  I.V.  Sozinova* 

^Lebedev  Physical  Institute  of  Russian  Academy  of  Sciences,  Samara  Branch, 
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ABSTRACT. 

We  suggest  a  new  way  to  compensate  for  the  thermal  lensing  effect  in  the  mid-power  solid-state  lasers.  This  can  be  done  by 
the  use  of  a  liquid-crystal  adaptive  lens  with  optically  controlled  focal  length  (optically  addressed  lens  -  OAL)  which  is  a 
modification  of  the  modal  liquid  crystal  lens  (MLCL)  which  has  recently  been  suggested  and  successfully  implemented. 
The  phase  shift  introduced  by  OAL  into  the  transmitted  light  wave  is  theoretically  shown  to  correspond  to  a  converging  lens 
whose  focal  length  depends  on  the  light  intensity  distribution  across  the  aperture.  OAL  implements  an  intra-cavity  optical 
feedback,  which  can  effectively  compensate  for  the  laser  beam  defocus  resulted  fi-om  the  emerging  thermal  lensing.  For 
various  types  of  resonators  the  beam  stability  is  improved  by  the  use  of  OAL.  Correction  becomes  more  effective  if  the 
OAL  is  positioned  close  to  the  laser  rod. 

Keywords:  liquid  crystals,  phase  modulators,  thermal  lens 

1.  INTRODUCTION 

Recently'  we  described  a  design  and  properties  of  a  new  liquid  crystal  (LC)  device,  viz.  the  optically  addressed  lens  (OAL) 
that  may  prove  to  be  useful  for  various  laser  beam  control  purposes.  OAL  is  a  spin-off  of  the  modal  LC  wavefi-ont 
correctors^  but  is  different  fi-om  the  modal  LC  lens  (MLCL)  in  that  OAL’s  focal  length  is  sensitive  to  the  intensity  of  the 
transmitted  light  wave.  In  Ref  [1]  we  also  outlined  how  OAL  might  be  used  for  phase  distortion  correction  in  solid-state 
lasers.  In  the  current  paper  we  give  a  more  detailed  theoretical  analysis  of  this  problem  for  CW  laser  operation. 

A  cylindrical  laser  rod  with  uniform  internal  heat  generation  develops  a  quadratic  radial  temperature  variation.  This 
produces  a  quadratic  radial  profile  of  the  refractive  index,  referred  to  as  thermal  lensing  (TL).  TL  results  in  significant 
deterioration  of  the  beam  quality.  The  heat  generation  in  the  laser  rod  is  the  direct  consequence  of  the  optical  pumping  and 
therefore  is  unavoidable  for  flashlamp  pumping.  However,  many  researchers  pointed  out  that  TL  is  a  critical  issue  for  the 
diode-pumped  lasers  as  well.  To  avoid  the  undesirable  effects  of  TL,  various  methods  were  suggested.  In  early 
investigations^,  it  was  customary  to  shape  the  resonators  parameters  to  minimize  the  influence  of  the  TL  on  the  beam  width. 
Later,  more  efficient  adaptive  techniques  were  investigated  which  subdivided  into  two  major  variations.  One  was  concerned 
with  the  use  of  deformable  mirrors  (see,  e.g.,  extensive  reports  in  Refs.  [6-9]  and  references  therein  or  a  more  recent 
Ref  [10])  and  the  other  makes  use  of  the  phase  conjugation  techniques".  However,  neither  of  the  methods  completely 
satisfies  the  requirements  set  for  the  best  performance  resonator  since  deformable  mirrors  require  a  fairly  complex  servo 
loop  system  and  high  control  voltage  while  the  PC  control  is  limited  by  the  diffi-action  efficiency  of  the  non-linear  medium. 
Therefore,  new  methods  to  compensate  for  TL  are  still  welcome. 

In  this  paper  we  theoretically  investigate  a  laser  system  with  a  built-in  optical  feedback  represented  by  OAL.  In  section  1  we 
describe  the  elements  of  the  laser  system  separately.  First  the  optical  characteristics  of  OAL  are  obtained,  and  their 
dependence  on  the  intensity  of  the  transmitted  light  and  its  distribution  over  the  aperture.  Then  we  present  correlation  for  the 
thermal  lens  optical  power  and  the  pump  power.  And  finally,  a  resonator  with  TL  and  OAL  is  considered.  In  section  2  the 
results  of  the  calculation  are  presented  and  the  improvement  of  the  beam  width  stability  is  demonstrated. 
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2.  BASIC  EQUATIONS. 


2.1.  Optically  addressed  lens 

Basically,  OAL  is  a  modification  of  a  spherical  MLCL^  that  is  produced  by  replacing  the  high  resistance  coating  of  the 
control  electrode  (CE)  with  a  photosensitive  layer  (PL).  The  design  of  OAL  and  its  distinction  from  the  design  of  traditional 
optically  addressed  spatial  light  modulators  are  shown  in  Fig.  1. 


Fig.  1.  In  OAL  (left)  the  photocurrent  is  perpendicular  to  the  propagating  light.  In  traditional  optically  addressed  spatial 
light  modulator  (right)  it  is  parallel  to  the  light  propagation. 

Similar  to  MLCL,  the  photosensitive  layer  and  the  LC  layer  form  a  distributed  /?C-divider.  If  a  sinusoidal  voltage  of  the 
frequency  a  is  applied  to  the  contacts,  the  changes  in  the  voltage  at  the  center  of  PL  lag  behind  the  changes  in  the  voltage 
applied  to  the  contacts.  An  increase  in  a  increases  the  delay  and  reduces  the  rms.  value  of  the  voltage  at  the  center  of  the 
aperture.  We  found'  that  the  voltage  distribution  across  the  aperture  is  described  by  the  equation 

V,(t7,V,f/)  =  (g-/tyc)[/.  (1) 

where  Vg  means  Hamilton  operator  with  respect  to  the  coordinates  in  the  plane  of  the  PL,  crs=oft  is  the  PL’s  sheet 
conductivity,  crand  h  are  the  conductivity  and  the  thickness  of  PL,  respectively,  and  c  and  g  are  specific  (per  unit  LC  area) 
capacitance  and  conductance  of  the  LC  layer,  respectively. 

The  boundary  conditions  for  Eq.  (1)  are: 

[/(/)  =  (/o  and  —  =0,  (2) 

dr  ^=0 


where  /  is  the  aperture  radius  and  Uq  is  the  rms.  of  the  voltage  applied  to  the  upper  contact  in  Fig.  1. 

If  the  photosensitive  material  is  a  monopolar  semiconductor,  the  spatial  distribution  of  the  specific  conductance  of  PL  is 
defined  by  the  irradiation  intensity  distribution  /(r)  by  the  formula 

cr  =  e//ay0r/(r)+  cr^ .  (3) 

Here  e,  n,  and  r  are  the  charge,  the  mobility,  and  the  lifetime  of  the  major  carriers,  respectively,  a  is  the  absorption 
coefficient  of  PL,  is  the  quantum  efficiency  of  the  photocurrent,  and  Od  is  the  dark  conductivity  of  PL.  For  a  fundamental 
mode  generation  the  intensity  profile  is  Gaussian: 
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where  J  is  the  integral  power,  w  is  the  Gaussian  beam  width. 


It  follows  from  Eqs.  (l)-(4)  that  the  voltage  distribution  across  the  aperture  is  defined  by  a  set  of  four  parameters.  One  such 
set  can  be  chosen  as  follows: 

(a)  the  control  voltage  rms,  Uq; 

(b)  the  ratio  of  the  beam  width  and  the  aperture,  w/l; 

(c)  light-to-dark  conductivity  ratio,  K; 

(d)  the  numerical  parameter,  = - . 

e^TafihJ 


Due  to  the  electrooptic  S-effect  in  the  LC,  the  voltage  distribution  causes  the  corresponding  distribution  of  the  phase  delay 
that  the  LC  layer  introduces  into  the  transmitted  light  wave  according  to  the  equation 


^  dl2 

=  f 

^  -h 


"11  "J- 


^  cos^  0  +  n}  sin^  6 


-"1 


dz. 


(5) 


where  X  is  the  wavelength,  «ii  are  the  refractive  indices  measured  along  and  normal  to  the  optical  axis,  6(z)  is  the  LC 
director  deformation  angle  and  integration  is  taken  along  the  LC  layer  20- 
thickness.  However  in  practice,  to  find  the  wavefront  shape  for  a  given 
voltage  distribution,  it  is  easier  to  use  the  experimental  dependency  (Fig.  2) 
or,  for  numerical  simulations,  an  analytical  approximation  of  such.  H 


2.2.  Thermal  lens. 

The  optical  power  of  the  TL  is  contributed  by  (a)  temperature  dependence 
of  the  refractive  index,  (b)  “end  effect”,  resulted  from  radially  non-uniform 
thermal  expansion  of  the  rod,  and  (c)  photoelastic  effect.  Tliese  effects  are 
presented  by  the  corre.spondent  terms  in  the  following  relation'": 


S'  12 
0) 

■o 

a> 

V) 

S.  8H 

a. 


D  = 


AdQ^T 


1  dn 


ajrin  - 1) 


r^r,q» 


n' 


(6) 


rfo  is  the  rod  length,  r  is  its  radius,  AT  is  the  temperature  difference  between 
the  rod  center  and  its  surface,  n  is  the  refractive  index  of  the  rod  material, 
is  tlie  thermal  expansion  coefficient,  are  functions  of  the  elasto-optical 
coefficients.  The  third  term  in  Eq.  (6)  is  often  small  and  'vill  be  ignored  in 
further  treatment. 


— I - 1 - , - 1 - , - 1 

0  2  4  6 

Voltage,  V 

Fig.  2.  Tj^jical  phase-voltage  depen¬ 
dence  for  a  nematic  LC  with  zero  pre¬ 
tilt  (circles)  and  its  analytical 
approximation. 


The  temperature  drop  A  T  is  found  from  the  steady-state  heat  conduction  equation  and  for  a  given  rod  is  determined  by  the 
thermal  power  density  q  and  the  temperature  of  the  rod  side  surface'^  T^'. 


-1), 


(7) 


where  y  is  the  coefficient  in  the  temperature  dependence  of  the  thermal  conductivity  k 
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k{T)=r/T. 


(8) 


Pump  power,  W 


Fig.  3.  Temperature  difference  at  the  center  of  the 
YAG:Nd  rod  and  at  its  surface  as  a  function  of  the 
pump  power  calculated  by  Eq.  (7). 


For  Nd:YAG  lasers  in  the  temperature  range  7^00  K 
ja39S0  W/m.  According  to  Eq.  (7),  the  temperature  drop  is  a 
quazi-linear  function  of  the  thermal  density  power.  It  is  shown 
in  Fig.  for  ^O.OIP,  Pis  the  pump  power. 


2.3.  Resonator. 

The  presence  of  lenses  in  the  resonator  modifies  such 
parameters  of  the  generated  radiation  as  the  wavefront 
curvature,  beam  width  and  divergence,  beam  waist  position,  etc. 
To  calculate  the  new  values  of  these  parameters,  we  use  a 
method  of  g-parameters^  According  to  this  method,  any 
resonator  is  characterized  by  a  couple  of  numerical  parameters 
gi  and  g2  that  facilitate  the  calculation  of  the  beam  width  at  any 
point  within  the  cavity.  By  definition,  for  an  empty  resonator  of 
the  length  L  with  the  mirror  curvatures  Ri  h  Rz 


Si 


=  1-- 


R, 


/  =  1,2. 


(9) 


The  beam  widths  (spot  sizes)  at  the  mirrors  in  this  case  are  equal 
to 


K 


g\,2 

^2.1 0- ^1^2) 


(10) 


With  internal  lenses  the  spot  sizes  at  the  mirrors  are  different.  In  this  case,  the  resonator  is  equivalent  to  an  empty  resonator 
with  modified  parameters  g,*,  g2*,  and  L*.  For  a  single  thin  lens  with  the  optical  power  D 


S\ 

* 

Si 


L*  =  a  +  b-  abD, 


(11) 


where  a  and  b  are  the  lens  distances  from  the  mirrors  1  and  2,  respecdvely.  However,  if  the  resonator  len^h  is  comparable 
to  that  of  the  internal  lens,  the  latter  can  no  longer  be  considered  as  thin  but  should  be  ascribed  the  length  of  the  laser  ro  o- 

Then^ 


8\ 


82 

L* 


( 

1 

V 


n  j 


{a  +  b)  +  —  -  abD, 
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(12) 
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where  n  is  the  refractive  index  of  the  rod. 


Now  let  there  is  both  OAL  and  TL  in  the  resonator.  We  have  found  that  the  compensation  of  TL  is  most  effective  if  the 
source  of  distortions  (TL)  and  the  correcting  element  (OAL)  are  set  next  to  each  other.  Therefore,  we  consider  only  such 
geometry.  In  addition,  we  shall  treat  the  OAL  as  a  thin  lens,  since  its  thickness  is  about  several  millimeters.  Denoting  optical 
powers  of  OAL  and  TL  as  Dqal  and  Djl,  respectively,  we  assimie 


D=DoAL+f^L- 


(13) 


Substituting  this  equation  into  Eq.  (12),  one  can  find  g* -parameters  for  a  resonator  with  two  internal  lenses.  Then  the 
corresponding  spot  sizes  at  the  mirrors  can  be  found  from  Eq.  (10).  Besides  the  spot  sizes,  the  beam  width  at  the  OAL,  w,  is 
of  interest  too,  since  it  defines  the  intensity  distribution  according  to  Eq.  (4).  With  OAL  and  the  rod  put  together  as  shown 
in  Fig.  4  the  corresponding  formula  has  a  former 


=  wf 


1-- 


i?, 


■IJ 


>2 


(14) 


Solving  together  Eqs.  (6),  (7),  (10),  (12),  and  (14),  one  can  compute  the  beam  width  at  the  mirrors  and  the  OAL  as  functions 
of  the  thermal  power  density  q.  The  density  q  is  proportional  to  the  pump  power  P  which  is  an  actual  reason  for  the  onset  of 
TL.  If,  additionally,  we  take  the  laser  system  efficiency  q  to  be  independent  of  the  pump  power  (for  solid-state  lasers 
7»0.01),  then  J=qP.  Hence,  we  can  use  a  single  parameter  P  for  both  lenses.  Since  P  can  be  chosen  arbitrarily,  it  is 
convenient  to  choose  P  (or  J)  as  an  overall  independent  variable. 

Thus,  a  resonator  with  a  spherical  OAL  and  TL  under  the  steady  state  pumping  conditions  is  described  by  the  following 
self-consistent  set  of  equations: 
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Eq.  (15)  is  the  result  of  Eqs.  (1),  (3),  and  (4)  and  Eq.  (16)  is  an  analytical  representation  of  the  phase-voltage  dependence 
shown  in  Fig.  2.  Both  equations  refer  to  the  OAL  operation.  As  it  is  clear  from  the  previous  analysis,  eqs.  (17)  and  (18) 
describe  the  XL  and  the  resonator,  respectively. 


Fig.  4.  Schematic  representation  of  a  simple  laser  cavity  with  XL  (laser  rod)  and  the 
optical  feedback  (OAL). 

3.  RESULTS  AND  DISCUSSION. 

3.1.  Optically  addressed  lens  characterization. 

Xhe  phase  delay  spatial  distribution  over  OAL’s  aperture  is  almost  parabolic  (Fig.  5).  Xherefore,  for  a  given  light 
wavelength  A  and  the  aperture  radius  I  the  OAL’s  optical  power  Dqal  depends  on  the  phase  sag  only: 

(19) 

If  the  control  voltage  rms.  C/q  and  its  frequency  co  are  kept  constant,  the  sag  ^  is  a  unique  function  of  the  intensity 
distribution.  We  presented  this  function  as  a  3D  surface  in  Fig.  6.  In  this  figure,  the  dots  (in  Fig.  6  they  merge  to  appear  like 
bold  lines)  were  obtained  by  solving  Eq.  (15)  and  subsequent  use  of  the  approximation  (16).  Xhen  we  reconstructed  the  3D 
function  by  interpolation  with  these  dots  as  reference  points. 


Fig.  5.  A  phase  delay  distribution  at  the  OAL  Fig.  6.  Phase  sag  dct>  at  OAL  as  a  function  of  the  beam  width  square  at 
for  z^5,  /=m'=2.5  mm,  and  t/o=3  V  and  OAL  and  the  cavity  radiation  power  7. 

definition  of  the  phase  sag 
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We  should  note  that  the  OAL  will  not  operate  when  the  beam  width  is  much  smaller  than  the  aperture  radius,  \v«l.  This  is 
because  for  narrow  beams  the  periphery  of  the  aperture  stays  very  dark  and  its  resistance  is  very  high.  The  voltage  drops 
almost  entirely  in  the  narrow  region  beside  the  ring-shaped  contact  while  on  the  major  par  of  the  aperture  it  remains 
constant.  Therefore,  the  phase  delay  contributed  by  OAL  will  be  essentially  uniform. 


3.2.  Resonator  performance  stabilization. 


TL  degrades  the  output  parameters  of  the  laser  radiation,  i.e.,  beam  width  and  divergence,  in  that  they  become  radiation 
power  dependent.  If  this  dependence  could  be  eliminated  or  limited,  the  overall  system  performance  is  improved.  Therefore, 
we  have  chosen  the  beam  width  at  the  output  mirror  as  the  objective  function,  searching  to  smooth  out  its  power 
dependence^ _ 


Parameter 

Value 

Curvature  of  the  1"  mirror  ,  m 

-0.325 

Curvature  of  the  mirror  Ri ,  m 

-0.325 

Mirror  separation  L,  m 

0.25 

Distance  between  the  L*  mirror  and  the  OUL  a,  m 

0.075 

The  rod  length  do,  mm 

100 

The  rod  radius  ro,  mm 

2,5 

Temperature  at  the  rod  surface  T^,  K 

300 

Thermal  expansion  coefficient  aj,  10'*/K 

6,96 

Refractive  index  n 

1,81633 

dn/dr,  lO-^/K 

9,86 

Average  power  of  heat  generation  Po,  W 

500 

Table  1.  Resonator  parameters  that  were  used  in  calculations. 

Fig.  7.  Stabilization  of  the  output  beam  width  by 
OAL  with  the  LC  thickness  d=5  pm. 


The  calculations  were  carried  out  for  a  resonator  with 
Y3Al50i2:Nd  rod  for  the  set  of  parameters  listed  in  the  table  1. 
The  OAL’s  parameters  were  chosen  to  facilitate  the  most  effective 
correction.  The  results  of  the  calculation  are  presented  in  Fig.  7. 

One  can  see  that  the  OAL  results  in  two  features  of  the  resonator 
performance.  First,  the  working  power  range  is  shifted  to  higher 
powers,  and,  second,  over  the  working  range  the  beam  width 
varies  between  0.35  mm  and  0.51  mm  while  without  correction  it 
varies  between  0.13  and  1.56. 

In  summary,  we  demonstrated  theoretically  that  the  phase 
distortions  that  arise  due  to  the  thermal  lensing  in  a  YAGiNd  laser 
system  can  be  significantly  corrected  by  OAL,  a  modal  liquid- 
crystal  lens  whose  wavefi'ont  shape  is  controlled  by  the  intensity 
and  spatial  distribution  of  the  transmitted  light. 
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ABSTRACT 

Static  and  dynamic  numerical  models  of  electro-optical  characteristics  of  nematics 
are  presented.  A  numerical  model  is  used  for  the  optimisation  of  phase  delay 
distribution  in  modal  LC  lenses  The  dynamic  control  mode  for  modal  LC  lenses  is 
simulated.  The  results  are  in  a  good  agreement  with  experiment. 


Keywords:  liquid  crystals,  adaptive  optics,  numerical  simulation. 


Using  of  liquid  crystals  in  adaptive  optics  seems  to  be  promising  because  they  have  a  lot  of 
advantages:  low  half-wave  voltages  (fractions  of  volts  should  be  applied  to  change  phase  delay  on  half 
wave),  large  stroke  range  (tens  wavelengths),  small  consumed  capacities  (0.1  mW/cm^),  small  volume 
of  a  flat  design,  no-moved  parts,  wide  interval  of  working  temperatures  (-20...100°C),  significant 
service  life  (more  than  10''  h),  and  low  cost  of  initial  materials.  Essential  progress  in  application  of  LC 
wavefront  correctors  in  adaptive  optics  is  observed  in  recent  years;  its  implementation  for  correction  of 
atmospheric  aberrations'  and  retinal  imaging^  is  reported  recently.  The  use  of  LC  correctors  is  still 
limited  by  their  narrow  temporal  bandwidth.  However,  synthesis  of  liquid  crystals  with  special 
properties  and  implementation  of  dual-frequency  control  technique^  can  alleviate  this  problem  in  some 
applications. 

Although  most  of  the  applications  now  involve  pixelated  devices  where  the  voltage  is 
controlled  for  each  pixel  individually' ''',  modal  LC  adaptive  lenses^  and  multi-channel  wavefront 
correctors*  were  recently  proposed.  The  most  attractive  feature  of  these  correctors  is  the  ability  to 
produce  a  smooth  non-pixelated  phase  distribution  with  rather  small  number  of  control  channels.  The 
voltage  distribution  producing  the  required  phase  profile  is  formed  mainly  due  to  the  capacitative  and 
resistive  properties  of  LC  material.  Thus,  for  investigation  of  performance  and  optimisation  of  the 
modal  LC  correctors  one  needs  to  consider  electro-optical  characteristics  of  the  LC  materials. 

To  achieve  maximum  speed  and  maximum  dynamic  range  of  wavefront  control  for  zonal  LC 
correctors  and  to  optimise  phase  delay  distributions  for  modal  LC  correctors  it  is  necessary  to  take  into 
account  different  LC  parameters  characterising  their  mechanical,  optical  and  electrical  properties. 
Nematic  liquid  crystal  is  a  uniaxial  electro-optical  medium  whose  molecules  are  reoriented  by 
application  of  electric  and  magnetic  fields.  As  a  rule,  the  analysis  of  the  distribution  of  LC  director  is 
based  on  minimisation  of  the  functional  of  the  nematic  free  energy’.  The  basic  equation  for  LC  director 
deformation  angle  proposed  by  Ericksen  and  Leslie 


dz 


(at,,  cos^0-f- ATjj  sin^ 


©)-^  -(/Cjj  -  A:',)sin0cos0|^^^ 
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(1) 


/  ,  2  A  2  •  ^  ^  T 

-1- (ctj  sin  0  -  a,  cos  0j— sin0cos0  =  7,  — +  /- 


dz 

is  rather  complicated  and  cannot  be  solved  analytically*. 


dt^ 
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Here  0  is  the  deformation  angle  of  the  director,  /Tn  and  are  splay  and  bend  Frank  elastic  constants, 

respectively,  Ae  =  fin  -  'S  dielectric  anisotropy,  t)  is  the  flow  velocity,  a2  and  are  viscosity 

coefficients  in  Leslie’s  notation,  Y!=a3-«2  is  the  rotational  viscosity,  I  represents  the  inertia,  and  E  is 
the  electric  field  in  the  LC  medium.  Due  to  LC  director  deformation,  E  is  non-uniformly  distributed 
across  the  LC  layer.  It  can  be  expressed  in  terms  of  the  deformation  angle  0  and  the  voltage  V  applied 
to  the  LC: 


a 

cos^  0  +  eii  sin^  ©)J 


J  E^  cos^  ©  +  e||  sin^  © 


(2) 


Here  is  the  thickness  of  LC  layer.  ■  ■  -r  u  r  , 

The  most  common  approximation  consisting  in  neglecting  of  angular  momentum  is  justified  by  the  tact 
that  the  change  of  orientation  is  strongly  damped  by  rotational  viscosity.  Another  approximation  that 
greatly  simplifies  the  problem  is  in  neglecting  of  the  backflow.  As  it  is  shown  in  Ref.  [9],  this  effect 
can  be  partly  taken  into  account  by  using  effective  viscosity  instead  of  yf 

7*  =  7,  -  2al  /(ttj  +  a4  +  a  J  for  splay  deformation  (S-effect),  ^2) 


7*  =  7i  -  2a2  /(oc^  +  -  CCj  )  for  bend  deformation  (B-effect). 

In  the  series  of  works*’’'’’"  the  useful  results  for  S-  and  B-effects  were  obtained  in  the  small- 
signal  approximation  corresponding  to  the  case  of  small  (<  50°)  deformation  angles.  For  large  voltages 
corresponding  to  maximum  deformations  the  most  straightforward  way  is  in  numerical  solution  of 
Eq.  (1)  (except  for  the  terms  concerned  with  inertia  and  backflow)  in  combination  with  experimental 

investigation  of  their  electro-optical  static  and  dynamic  characteristics.  • 

In  this  work  we  present  the  numerical  model  and  the  software  for  calculation  of  phase  delay  in 
LC  layer  and  also  its  specific  capacitance  and  conductance.  We  performed  also  numerical  simulation 
of  usual  nematics  on  the  example  of  E49  (Merck)  with  initial  planar  alignment  and  small  pretilt  of 
molecules  on  the  surface.  This  situation  corresponds  to  electro-optical  S-effect. 

First  we  consider  a  static  case.  Even  without  the  backflow  effect,  Ericksen-Leslie’s  equation  is 
essentially  nonlinear,  especially  if  we  take  electric  field  as  non-homogeneous.  However,  static 
distribution  of  the  LC  director  can  be  calculated  using  an  iterative  technique  based  on  the  dynamic 
Eq.  (1).  In  our  method  the  temporal  variable  t  is  used  only  as  an  auxiliary  variable.  We  replace 
Ericksen-Leslie  equation  by  equivalent  presentation  introducing  finite  differences  instead  of  derivatives 


=  0„  + 


cos^  ©j,  +  i^33  sin 


0..)^ 


-2e,+e«.; 


+  -A:,,)sin©^.cos©,. 


+  e^AeE^.  sin  Qy  cos  &y 


Here  /  andy  are  coordinate  and  time  indices  correspondingly,  Az  is  the  coordinate  step,  and  At  is  the 
time  step,  y,  has  an  arbitrary  value,  it  can  be  set  to  1,  and  the  value  of  At  is  limited  by  the  condition  of 
stability  of  finite-differential  scheme 

A,  =  3^,  W 

8/:,, 

This  condition  is  found  by  the  method  described  in  Ref  [12].  Boundary  conditions  are  set  according  to 
initial  alignment  with  pretilt  angle  0o 

J®o,y  ~  ®o  (6) 

=  ©0  ’ 

where  N+l  is  the  number  of  points  by  coordinate.  We  start  from  the  uniform  distribution  of  the 
deformation  angle  0  and  uniform  distribution  of  electric  field  E=V/d,  and  then  iterate  by  calculation  of 
the  next  y+ 1-th  level  until  the  required  accuracy  is  reached.  The  electric  field  on  each  step  byy  is 
corrected  by  the  formula 
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a 

(e^  cos'0j,.+eii  sin'©^.)J 


dz 


e,  cos^  0,..  +£,,  sin^  0. 


From  obtained  distributions  of  the  LC  deformation  angle  we  calculate  electro-optical 
characteristic:  dependencies  of  phase  delay  AO  in  the  LC  layer,  its  specific  capacitance  c  and 
conductance  g  by  formulas  given  in  our  previous  paper  [13]: 


AO 


2n 


c  =  £„ 


■Jnl  cos^  G  -b  «|j^  sin^  G 
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■n,  ]dz. 


)  S 


e'dz 


where  we  denoted 

0  ^  0 

e'  and  e"  are  real  and  imaginary  parts  of  the  dielectric  constant,  correspondingly. 


(8) 


(9) 


(10) 


This  numerical  model  was  already  used 
for  optimisation  of  phase  delay  distribution  in 
modal  spherical  [14]  and  cylindrical  [15]  LC 
lenses.  As  it  is  seen  fi-om  Figure  1,  the  fitting  of 
the  theoretical  curves  to  experimental  ones  gives 
a  very  good  approximation  The  mechanism  of 
fitting  is  described  in  [16].  The  experimental 
results  were  obtained  for  the  cell  filled  by 
25  mic  layer  of  Merck’s  LC  E49  with  initial 
pretilt  of  the  molecules.  The  best 
correspondence  was  observed  at 

/!:„  =  A:33=  1.68  10-"N,  £||=16.3,  £j_  =5.1, 
«||  =  1.775,  =  1.53,  and  the  pretilt  angle  is 

equal  to  0q  =44°.  Last  value  is  in  a  good 
agreement  with  those  measured  by  other 
methods. 

In  some  cases  the  approximation  of 
uniform  electric  field  can  essentially  simplily 


d,  mic 

Fig.2.  Dependence  of  maximum  absolute  error 
caused  by  approximation  of  uniform  electric  field  on 
the  thickness  of  the  LC  layer 


Fig.l.  Comparison  of  experimental  and  calculated 
dependencies  of  phase  delay  in  LC  layer  from  rms 
value  of  control  voltage.  The  results  for  the  cases  of 
uniform  and  non-uniform  electric  field  are  eiven 


-|  1  I - . - 1 - 1 - 1 - 1 - 1 

0  12  3  4 


K 

Fig.3.  Dependence  of  maximum  relative  error  caused 
by  approximation  of  uniform  electric  field  on 
parameter /C=  (K}3-Kii)/Kii. 
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Fie.4.  Maximum  relative  error  caused  by  Fig.5.  Maximum  relative  error  caused  by 
approximation  of  uniform  electnc  field  vs  dielectric  approximation  of  uniform  electric  field  vs  dielectnc 
constant  ■  anisotropy  As  =  £„  -  ■ 


the  task  without  significant  losses  of 
accuracy''’’"’”  as  it  is  seen  from  Fig.  1.  The 
value  of  electric  field  is  supposed  to  be 
constant  across  the  LC  layer  and  equal  to 
E=  V/d.  "We  analysed  the  errors  caused  by  this 
approximation.  We  compared  phase 
distributions  calculated  in  approximations  of 
uniform  and  non-uniform  field.  For  the 
simulation  we  used  parameters  of  cell  filled 
with  planarly  aligned  LC  E49  of  25  mic 
thickness. 

Results  are  shown  in  Figs.2-6.  As  it  is 
seen  from  Fig.2,  the  absolute  error  increases 
proportionally  to  LC  thickness.  For  zero  value 
of  parameter  K  =  (K33-Kii)/Kii  the  relative 
error  (maximum  error  divided  by  total  phase 
delay  variation)  was  equal  to  16.6%,  and  for 
K=2  it  was  9.5%.  It  decreased  with  parameters 


K  and  ,  increased  with  dielectric  anisotropy  Fig.6.  Maximum  relative  error  caused  by  approximation 
^E=e-’e^,  and  did  not  vary  with  AT,,.  ofuniform  electnc  field  vs  initial  pretilt  angle  0o. 

Maximum  deviation  was  observed  at  voltages  near  the  threshold  value  V,h  and  was  very  small  at 

voltages  much  higher  than  F,*.  It  decreased  fast  with  pretilt  angle  ©q.  .... 

To  consider  dynamic  behaviour  of  the  liquid  crystal  we  used  the  finite-differential 
presentation  given  by  equations  (4)-(6)  and  the  approximation  of  the  uniform  electric  field.  In  our 
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V.v 

Fig.9.  Rise  time  vs  control  voltage.  Fitting  of 
calculated  data  by  function  of  a  type  X  =alV^  is 
also  shown. 


t,  ms 

Fig.lO.  Demonstration  of  decreasing  of  LC  rise  time 
by  short-time  application  of  high  voltage.  Signal  of 
10  V  amplitude  was  applied  for  17  s  before 
switching  on  5  V  signal  (solid  curve). 


calculations  we  set  the  rotational  viscosity  7i  to  1  Poise  which  is  a  typical  value  for  liquid  crystal 
materials.  In  the  first  series  of  calculations  we  evaluated  the  characteristic  rise  and  decay  times  for 
different  feeding  voltages.  We  determined  the  characteristic  time  as  a  time  of  variation  of  phase  delay 
up  to  the  value  that  differs  fi-om  its  final  state  by  less  than  1%.  Dynamics  of  rise  and  decay  is  shown  in 
Figs.7  and  8,  and  the  dependence  of  rise  time  Xo„  from  rms  feeding  voltage  is  given  in  Fig.9.  We  also 

fitted  our  results  by  function  T  =  a /V^  and  showed  that  for  voltages  >2  V  the  rise  time  is  inversely 
proportional  to  square  of  the  voltage.  Decay  time  is  almost  independent  of  the  control  voltage  and  is 
equal  to  2.4  s.  These  calculations  are  in  a  good  agreement  with  evaluations  obtained  in  a  small-signal 
approximation^. 

The  dynamic  control  of  the  LCs  is  of  a  special  interest  for  solution  of  the  problem  of  LC 
switching  speed.  As  LC  molecules  reorients  much  faster  at  higher  voltages,  one  of  the  possibilities  to 
decrease  the  rise  time  is  to  apply  for  a  short  time  the  voltage  much  higher  than  it  is  necessary  to  get  the 
required  phase  delay.  After  the  phase  delay  achieves  the  required  level,  the  voltage  must  be  decreased 
to  stop  the  process  of  molecules  reorientation.  This  is  demonstrated  by  Fig.lO  where  preliminary 
application  of  10  V  voltage  during  17  ms  allows  to  set  the  required  phase  delay  three  times  faster  than 
by  only  switching  it  to  5  V. 

Furthermore,  we  used  our  model  for  investigation  of  dynamics  of  spherical  modal  LC  lens 
(MLCL).  The  design  of  MLCL  is  shown  in  Fig.ll.  A  layer  of  nematic  LC  is  sandwiched  between  two 
glass  substrates  with  transparent  electrodes. 


Dielectric  spacers  placed  between  the 
substrates  define  the  thickness  of  LC  layer. 
One  of  the  electrodes  (ground)  has  a  low 
sheet  resistance  of  50  to  200  O'sq.  and 
another  one  (control)  has  a  high  sheet 
resistance  of  3  to  8  Mii'sq.  Annular  contact 
is  deposited  at  the  control  electrode 
periphery,  and  an  AC  voltage  is  applied 
between  this  contact  and  the  ground 
electrode.  Electrically,  the  MLCL  is 
equivalent  to  the  circuit  with  distributed 
parameters.  Due  to  the  circular  symmetry  of 
the  device  the  voltage  is  distributed 


annular  control  LC 


layers  electrode 

Fig.ll.  Construction  of  the  spherical  modal  LC  lens. 


symmetrically  across  the  aperture,  as 
described  by  equation’ 


d^V  1  dV  _  ^ 

dr^  r  dr  dt 


+  PsSV- 


(11) 
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Fig.l2.  Dynamics  of  phase  delay  distribution  across  the 
LC  lens  aperture.  Lens  is  switched  on;  focal  length  is 
3  m.  Parameters  of  control  voltage:  amplitude  is 
3.15  V,  frequency  is  9.6  kHz. 


t,  ms 

Fig.l4.  Dynamics  of  focal  length  after  application  of  a 
voltage  corresponding  to  3  m  focus. 


Fig.l3.  Dynamics  of  phase  delay  distribution  across  the  LC 
lens  aperture.  Lens  is  switched  off;  focal  length  is  3  m. 


t,  ms 

Fig.  15.  Dynamics  of  focal  length  after  switching  off  voltage 
corresponding  to  3  m  focus. 


t,  ms 

Fig.l6.  Dynamics  of  focusing  of  modal  LC  lens  at  2  m 
focal  distance.  First  the  voltage  two  times  more  than  an 
optimal  one  for  this  focus  was  applied,  and  then  we 
applied  an  optimal  voltage  (3.05  V,  13.8  kHz). 
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Fig.l7.  Variation  of  intensity  at  2  m  behind  adaptive 
lens  demonstrates  two  ways  of  transition  from  2  m 
focus  to  infinity:  switching  off  the  control  voltage 
(dashed  curve)  and  application  of  a  low-frequency 
signal  (solid  curve). 
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The  distributed  voltage  induces 
reorientation  of  LC  molecules,  and  thus, 
produces  axially  S3Tmnetrical  phase 
deformation.  The  static  problem  of  the 
calculation  of  phase  distribution  in  MLCL  was 
studied  in  our  previous  paper'®.  In  this  work 
we  use  these  results  and  our  dynamic  model  of 
LCs  for  investigation  of  dynamics  of  MLCL. 

The  speed  of  LC  adaptive  lens  is 
determined  by  two  factors;  voltage 

stabilization  in  modal  LC  lens  and  realignment 
of  LC  molecules.  First  process  is  concerned 
with  MLCL’s  reactive  nature  brought  about  by 
the  presence  of  the  distributed  conductance  of 
CE  and  distributed  capacitance  of  the  LC 
layer.  Its  speed  is  characterised  by  time 
constant  RC.  The  measured  value  of  this 
constant  was  about  40  ps'®,  whereas 
characteristic  times  of  LC  reorientation  is 
about  hundreds  of  milliseconds.  Thus,  in  our 
calculation  we  can  suppose  that  voltage 
distribution  changes  instantly,  and  phase 
transient  process  in  the  LC  lens  is  concerned  only  with  reorientation  of  LCs.  In  general,  the  speed  of 
LC  lenses  is  determined  by  the  lowest  value  of  voltage  at  the  aperture. 

First  we  calculated  static  voltage  distributions  for  each  control  signal  using  our  static  model  of 
LC  lens.  Then  we  considered  the  process  of  relaxation  of  the  LC  in  each  point  of  the  aperture.  We 
investigated  temporal  variation  of  phase  distribution  and  parameters  of  a  light  passed  through  the  lens: 
wavefront  curvature  characterized  by  focus,  and  intensity  of  light  at  a  given  focal  distance.  Intensity 
was  normalized,  i.e.,  it  reached  its  maximal  value  equal  to  1  only  for  ideal  parabolic  phase  distribution 
corresponding  to  a  given  focal  length. 

The  dynamics  of  phase  delay  and  focal  length  at  lens  switching  is  shown  in  Figs.12-15.  As 
local  value  of  voltage  at  the  edge  of  LC  lens  aperture  is  higher  than  at  its  centre,  LC  reorientation  goes 
faster  at  the  edge,  and  the  focal  length  changes  from  infinity  to  3  m  passing  through  the  minimum 
(Fig.  14).  Otherwise,  the  process  of  focus  variation  at  switching  off  voltage  is  monotonous,  as  it  is  seen 
from  Fig.  15. 

We  also  tested  the  method  described  above  for  increasing  the  speed  of  LC  focal  length 
transition  from  infinity  to  2  m.  First  the  voltage  two  times  higher  than  the  optimal  one  for  this  focus 
was  applied,  and  then  we  applied  the  optimal  voltage  (3.05  V,  13.8  kHz).  As  it  is  shown  in  Fig.l6, 
application  of  a  higher  voltage  during  150  ms  approximately  doubles  the  speed. 

Characteristic  time  of  lens  switching  off  can  also  be  decreased.  As  it  is  demonstrated  by  our 
calculations,  the  time  of  LC  relaxation  is  practically  independent  of  the  value  of  initial  voltage  (Fig.8). 
However,  in  modal  LC  lens  we  can  reach  an  infinity  focus  not  only  by  switching  off  voltage  but  also 
by  applying  a  low-frequency  signal.  At  frequencies  much  lower  than  the  working  frequencies  of  a  lens 
the  reactivity  of  LC  lens  does  not  work,  and  the  voltage  have  the  same  value  in  each  point  of  an 
aperture.  If  we  does  not  change  the  amplitude  and  change  the  frequency  to  its  lowest  possible  value 
(few  hundreds  of  Hz)  the  local  voltage  in  the  centre  of  the  aperture  grows,  and  the  LC  is  realigned 
much  faster.  In  our  example  (Fig.  17)  the  characteristic  time  of  switching  off  reaches  100  ms. 

We  also  found  that  there  is  a  dynamic  operating  condition  when  the  focal  distance  is  changed 
fast  and  periodically  from  infinity  to  1  m  and  back,  but  the  pause  between  these  variations  is  quite  long 
so  that  the  LC  molecules  relax  to  their  initial  alignment  (Fig.  18).  The  dynamic  operating  condition  is 
achieved  by  applying  a  voltage  with  amplitude  and  frequency  higher  than  it  is  necessary  for  the 
shortest  focal  distance. 

Further  implementation  of  the  numerical  model  presented  in  this  paper  will  include 
investigation  of  dynamic  aspects  of  two-frequency  control''^,  numerical  simulation  and  optimisation  of 
control  parameters  of  multi-element  modal  LC  correctors®.  This  approach  allows  us  to  set  the 
requirements  for  parameters  of  the  LC  materials  developed  specially  for  the  use  in  adaptive  optics. 

This  work  was  partially  supported  by  INTAS  foundation  (project  99ESA-00523). 


t,  ms 

Fig.18.  Periodical  variation  of  focal  length  in  modal  LC 
lens.  Control  is  performed  by  periodical  sequence 
consisting  of  lOV  voltage  with  frequency  60  kHz  of 
0.1  s  duration  and  zero  signal  of  1  s  duration. 
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ABSTRACT 

The  paper  presents  results  on  research  of  tunable  acousto-optic  filters  operating  in  ultraviolet,  visible  and  infrared  regions  of 
spectrum.  High  spectral  and  spatial  resolution,  perfect  diffraction  efficiency  and  low  driving  power  provide  application  of  the 
filters  in  optics  and  spectroscopy  as  well  as  in  optical  information  processing  and  laser  technology.  Precise  and  efficient 
electronic  control  of  laser  light  intensity  and  fast  electronic  tuning  of  lasing  wavelength  was  executed  by  means  of  collinear 
acousto-optic  devices.  Application  of  the  collinear  filters  as  selectors  of  arbitrary  polarized  optical  signals  in  modem  WDM 
waveguide  communication  lines  has  also  demonstrated  high  capabilities  of  the  acousto-optic  instruments.  Experiments  with 
the  acousto-optic  devices  on  base  of  the  wide-angular  geometry  of  interaction  confirmed  the  unique  possibility  to  regulate 
spatial  structure  of  convergent  laser  beams  and  optical  rays  forming  images. 

Keywords:  acousto-optics,  tunable  acousto-optic  Alters,  Bragg  phase  matching,  spectral  resolution,  convergent  optical 
beams,  optical  images,  Tiisapphire  laser,  optical  communication,  WDM  waveguide  systems 


1.  INTRODUCTION 

Acousto-optical  methods  of  modulation  of  optical  beams  And  wide  applications  in  optics,  spectroscopy  and  laser 
technology  .  The  principle  of  operation  of  acousto-optical  devices  is  based  on  the  phenomenon  of  light  diflraction  by 
ultrasonic  waves  in  crystals.  As  known,  acousto-optic  instruments  provide  Control  of  both  coherent  and  non-coherent  optical 
beams^  In  particular,  optical  intensity  and  spectral  composition  of  a  non-coherent  optical  beam  may  be  easily  regulated  by 
means  of  acousto-optics.  In  case  of  radiation  with  a  broad  band  of  optical  wavelengths  A  ,  acousto-optical  Alters  execute 
spectral  Altration  of  light  in  narrow  bandwidths  of  optical  wavelength?  A  A  corresponding  to  high  resolution  values 

The  Alters  on  base  of  light  diffraction  by  ultrasound  may  be  installed  inside,  a  cavity  of  a  laser  characterized  by  high  gain  in  a 
wide  range  of  optical  wavelengths  A .  Application  of  a  Alter  in  a  laser  cavity  makes  the  lasing  line  narrower.  In  addition,  the 
Alter  may  provide  quick  and  precise  tuning  of  the  quantum  generator  all  over  the  wavelengths  of  gain. 

Operation  of  the  Alters  in  case  of  multiwavelength  radiation  proved  the  advantages  of  the  acousto-optic  devices  as  selectors 
of  optical  signals^  .  For  example,  if  a  number  of  optical  signals  with  different  optical  wavelengths  A  i  simultaneously 
propagate  along  an  optical  Aber  (WDM  communication  line)  then  application  of  the  acousto-optic  instrument  provides 
selection  of  the  signals  with  the  required  wavelengths.  Additionally  to  the'  Altration,  intensities  of  the  transmitted  signals  at 
the  Alter  output  may  be  regulated  by  the  acousto-optic  devices. 

The  acousto-optic  Alters  possess  other  advantages,  e.g.  they  can  Altrate  both  collimated  and  convergent  optical  beams. 
Consequently,  there  appears  a  principal  possibility  to  perform  acousto-optically  processing  of  images**'®.  Owing  to  acousto¬ 
optics,  it  becomes  possible  to  tune  electronically  colour  of  an  image  and  to  obtain  fruitful  information  about  spectral  and 


Laser  Optics  2000:  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
Leonid  N.  Soms,  Vladimir  E.  Sherstobitov,  Editors,  Proceedings  of  SPIE  Vol.  4353  (2001) 
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polarization  composition  of  radiation  in  a  picture*-"*  .  On  the  other  hand,  if  an  optical  image  is  formed  by  coherent 
monochromatic  rays  then  the  devices  demonstrate  the  capability  to  control  optical  waves  propagating  along  chosen  directions 

in  space". 


2.  OPERATION  PRINCIPLES  OF  ACOUSTO-OPTIC  FILTERS 

A  typical  acousto-optic  ceil  consists  of  a  birefringent  crystal  and  a  piezoelectric  transducer  generating  travelling 
acoustic  waves  in  the  specimen.  If  driving  RF  electrical  signal  is  applied  to  the  transducer  terminals  then  the  acoustic  wave 
modulates  refraction  index  «  of  the  crystal*’* .  Therefore,  it  may  be  concluded  that  a  diffraction  grating  is  ultrasonically 
induced  in  the  cell.  Spatial  period  of  the  grating  is  equal  to  the  acoustic  wavelength  A  =  K//  ,  where  K  and  /  are 
correspondingly  phase  velocity  and  frequency  of  ultrasound.  As  a  result  of  the  acousto-optic  interaction,  a  diffracted 
beam  occurs  at  the  output  of  the  cell.  This  beam  is  shifted  in  space  relatively  to  the  transmitted  light.  The  tran^itted 
radiation  may  be  considered  as  the  zero  diffractional  order  while  the  diffracted  radiation  represents  the  filtrated/diffracted 
maximums  with  the  numbers  +1  or  -1  .  It  is  evident  that  variations  of  the  driving  electrical  RF  power  applied  to  the 

transducer  result  in  the  control  of  light  intensity '  * . 

Strong  acousto-optical  interaction  takes  place  in  the  cell  only  if  Bragg  laWs  of  diffraction  are  satisfied  .  Bragg  matching 
condition  couples  the  optical  wavelength  A  with  the  acoustic  frequency  /  and  the  angle  0  of  light  incidence  on 
ultrasound .  If  a  collimated  optical  beam  is  incident  on  the  acoustic  wave  front  at  fixed  angle  6  then  only  a  small  number  of 
optical  wavelengths  A  A  may  take  part  in  the  process  of  dififractioil.  Selection  of  the  opical  wavelengths  is  executed 
in  the  cell  due  to  the  laws  of  Bragg  interaction.  Therefore,  the  ultrasonically  induced  diffraction  grating  executes  the  desired 
selection  of  optical  wavelengths  while  the  optical  wavelength  of  maximum  transmission  A  during  the  filtration  is 
determined  by  the  acoustic  frequency.  This  wavelength  may  be  easily  tuned  by  variations  of  the  acoustic  frequency  /. 
Consequently,  both  spectral  composition  and  intensity  of  the  filtrated  signal  are  controlled  by  frequency  and  power  of  the 
driving  electrical  RF  signal  *'* . 

Two  different  basic  types  of  the  filters  are  known  in  acousto-optics:  the  collinear  and  non-collinear  acousto-optic  devices*"^. 
The  collinear  devices  usually  possess  the  highest  spectral  resolution  among  other  modifications  of  the  filters.  However,  linear 
and  angular  apertures  of  the  collinear  filters  are  limited  in  comparison  with  the  non-collinear  instmments  Moreover, 
relatively  high  levels  of  driving  RF  power  in  the  case  of  the  collinear  filters  restricted  wide  applications  of  the  collinear 
devices  in  science  and  technology.  On  the  other  hand,  wide-angular  rion-colline^  filters  possess  much  better  optical 
throughput  because  of  wide  linear  and  angular  optical  apertures  as  well  as  low  ^  driving  power  levels  Spectral  resolution  of 
the  non-collinear  filters  occurs  not  so  perfect  as  in  the  colline^  instrumOnts**-"*  .  Nevertheless,  the  devices  on  base  of  the 
wide-angular  diffraction  are  promising  for  processing  of  optical  images. 


3.  ACOUSTO-OPTIC  TUNING  OF  SOLID  STATE  LASERS 

Many  types  of  optical  quantum  generators  are  characterized  by  a  relatively  wide  spectral  range  of  gain  G(  A  ).  The 
well-known  solid  state  Ti:sapphire  lasers  may  be  mentioned  in  this  context.  Figure  1  illustrates  the  dependency  of  ou^ut 
power  P  of  a  typical  Ti:sapphire  laser  on  optical  wavelength  A  .  As  seen  in  the  picture,  optical  gain  provides  a  principle 
possibility  of  tuning  of  the  laser  form  visible  light  at  optical  wavelength  A  =  700  nm  up  to  the  near  infrared  region  of 
spectrum  at  the  wavelengths  about  A  =  / 000  nm . 

Tuning  of  the  lasers  over  the  wide  range  of  optical  wavelengths  A  is  usually  performed  by  application  in  a  laser  cavity  of 
dispersive  elements  such  prisms  or  diffraction  gratings.  The  major  disadviitage  of  the  traditional  method  of  tuning  consists 
in  the  fact  that  the  transition  from  one  wavelength  A,  to  another,  e.g.  to  A^  is  obtained  by  mechanical  methods,  i.e.  y  a 
rotation  of  the  prism  or  the  grating.  It  is  evident  that  in  the  majority  of  cases,  quick-action,  reliability  and  precision  of  the 
mechanical  tuning  not  aplways  satisfy  the  requirements  of  practice. 

As  known,  application  of  an  optical  diffraction  grating  in  the  cavity  of  the  Ti:sapphire  laser  makes  it  possible  to  generate 
light  in  the  lasing  bandwidth  A  A  of  about  a  few  angstroms.  This  peculiarity  is  illustrated  by  Fig.  2  where  profile  of  a  lasing 
line  of  a  typical  Ti.sapphire  laser  is  presented. 
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In  order  to  avoid  the  disadvantages  of  mechanical  tuning,  a  specially  designed  acousto-optic  filter  was  installed  in  the  laser 
cavity  instead  of  the  grating.  The  so-called  close  to  collinear  regime  of  light  difiraction  in  paratellurite  single  crystal  was 
chosen  during  the  filter  design*. 


700  1000  X,  nm 

Figure  1.  Optical  output  power  of  a  typical  Ti:sapphire  laser 


The  choice  of  tellurium  dioxide  as  the  medium  of  light  and  sound  interaction  was  made  due  to  the  high  acousto-optic  figure 
of  merit  of  the  material^.  Perfect  acousto-optic  efficiency  of  the  ciystal  provided  low  levels  of  driving  RF  power  in  the 
instrument  compared  to  other  known  so  far  collinear  acousto-optic  devices.  Moreover,  the  quasi-collinear  geometry  of 
interaction  in  paratellurite  makes  it  possible  to  develop  filters  with  the  spectral  resolution  R  =  XI  >1000  that  is  much 
better  than  in  filters  on  base  of  Te02  of  other  types*. 

1.0 


0.5 


0.0 

Figure  2.  Line  shape  of  a  Ti:sapphire  laser  tuned  by  optical  grating 


The  designed  acousto-optic  filter  was  fabricated  in  form  of  a  prism,  as  shown  in  Fig.  3  .  Slow  shear  acoustic  waves  were 
launched  in  the  specimen  by  the  transducer  made  of  LiNbOj  single  crystal.  Acoustic  absorber  was  used  in  order  to  avoid 
reflections  of  sound  in  the  crystal.  Optical  radiation  was  incident  on  the  filter  orthogonally  to  the  input  facet  of  the  cell. 
Optical  facets  were  antireflection  coated  so  that  total  optical  insertion  losses  of  the  cell  were  as  low  as  1% . 


RF  driving  input 


Figure  3.  Tunable  acousto-optic  filter  on  base  of  tellurium  dioxide 
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Frequency  characteristics  of  the  piezotransducer  />„  (f)  is  presented  in  Fig.  4  where  frequency  dependence  of  normalized 
acoustic  power  Pa  in  the  cell  is  shown.  Acoustic  and  electronic  matching  of  the  transducer  correspondingly  with  the 
paratellurite  crystal  and  with  the  driving  RF  generator  was  made  by  intermediate  acoustic  layers  and  by  application  of 
electrical  matching  networks.  As  a  result,  the  transducer  launched  shear  acoustic  waves  in  the  crystal  in  the  frequency  mterval 
y  =  70  - 180  MHz ,  as  illustrated  in  Fig.  4. 


Figure  4.  Frequency  characteristics  of  piezotransducer 


The  proper  matching  of  the  transducer  provided  tuning  of  the  filter  over  visible  light  and  in  the  near  infrared  region  of 
spectrum,  as  proved  by  the  tuning  curve  A(/)of  the  filter  in  Fig.  5  .  The  tuning  curve  of  the  instrument  was  verified 
experimentally  during  calibration  of  the  filter  with  the  help  of  laser  radiation.  Comparison  of  data  in  Fig.  5  and  Fig.  4  confirm 
that  the  filter  was  capable  of  electronic  tuning  in  the  range  of  optical  wavelengths  A  -580-  1350  nm  .  This  spectral  range 


occurred  much  wider  than 


Figure  5.  Tuning  curve  of  thfe  filter 

the  bandwidth  of  the  laser  gain  in  Fig.  1  .  Consequently,  it  was  reasonable  to  apply  the  filter  in  the  laser  cavity  so  as  to  expect 
tuning  of  the  quantum  generator  all  over  the  spectral  interval  of  gain. 

As  proved  experimentally,  spectral  passband  of  the  filter  occurred  to  b6  about  AA  =  0.15  -  0.50  depending  on  the 
wavelength  value  A  .  Figure  6  presents  results  of  measurements  of  the  filter  transmission  characteristics  T(  A ).  It  is  evident 
that  spectral  passband  of  the  filter  was  dependent  on  the  length  of  light  and  sound  interaction  L=  2.0  cm ,  as  shown  in  Fig.  . 


Figure  6.  Spectral  transmission  of  the  filter 
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The  experiment  demonstrated  that  installation  of  the  filter  in  the  laser  cavity  results  in  narrowing  of  the  lasing  bandwidth 
compared  to  the  case  withthe  traditional  optical  grating  in  Fig.  3  .  It  is  evident  that  the  improvement  of  the  line  shape 
originated  from  multiple  passes  of  laser  radiation  through  the  filter  in  the  cavity. 


4.  APPLICATION  OF  FILTERS  IN  WDM  WAVEGUIDE  COMMUNICATION  LINES 

Recently  there  has  been  an  increasing  interest  in  application  of  the  acousto-optic  filters  on  bulk  acoustic  and  optic  waves 
for  l^t  and  reliable  selection  of  optical  signals  propagating  at  different  optical  wavelengths  in  fibers^.  Application  of  the 
quasi-collinear  geomeby  of  light  and  sound  interaction  resulted  in  a  design  of  an  instrument  possessing  a  number  of 
advantages  in  comparison  with  other  known  so  far  collinear  acousto-optic  filters.  These  advantages  are  relatively  high 
spectral  resolution,  low  driving  RF  power  levels  of  the  instrument,  sufficient  suppression  of  side  lobes  and  the  possibility  to 
operate  with  arbitrary  polarized  light*’’ . 

The  filter  was  designed  in  such  a  manner  that  optic  and  acoustic  beams  were  propagating  in  paratellurite  with  approximately 
collinear  group  velocities  of  the  waves.  The  length  of  acousto-optic  interaction  L  =  4.0  cm  was  determined  by  the  size  of  the 
crystal  used  in  the  filter.  As  evident,  the  interaction  length  determined  spectral  passband  of  the  device  AA  <  P  nm  at  optical 
wavelengths  near  A=1.55mkm.  Piezoelectric  transducer  fabricated  of  LiNb03  generated  acoustic  waves  at  frequencies  of 
ultrasound  about  f  =  45  MHz  satisfying  the  condition  of  Bragg  matchipg  at  optical  wavelength  X  =1.55  mkm  .  Cross- 
section  of  the  acoustic  column  in  the  cell  was  about  0.35  x  0.3  cn? . 

The  filter  consisted  of  a  couple  of  antireflection  coated  input  and  output  fiber  connectors  intended  for  termination  of  the 
device  to  a  single-mode  WDM  communication  line.  The  device  had  additional  output  terminal  for  selection  of  the  filtrated 
light.  Incident  on  the  filter  arbitrary  polarized  optical  radiation  consisted  of  a  number  of  signals  possessing  different  optical 
wavelengths  X, .  These  signals  belonged  to  the  traditional  for  WDM  communication  lines  interval  of  wavelengths  X  =  1530 
- 1565  rm.  Spectral  spacing  between  the  optical  signals  was  chosen  about  2.0  -4.0  nm  during  the  experiments. 

Optical  beam  expander  was  used  at  the  filter  input  in  order  to  form  a  collimated  optical  beam  with  the  diameter  2yv  =  0. 12 
cm.  A  couple  of  similar  beam  expanders  were  installed  at  the  filter  outputs  with  the  goal  to  direct  the  transmitted  and  the 
filtrated  radiation  to  the  outputfibers.  As  much  as  3  polarization  splitters  made  of  CaC03  and  three  Si02  phase  plates  were 
applied  in  the  instrument  in  order  to  provide  operation  of  the  filter  with  arbitrary  polarized  light. 

In  the  absence  of  the  driving  RF  signal,  the  filter  transmitted  the  incident  multiwavelength  radiation  along  the  fiber  line.  Total 
insertion  losses  of  the  instrument  including  the  connectors,  the  splitters,  the  phase  plates,  the  crystal  and  the  pigtails  were  less 
than  2.0  dB.  Application  of  RF  driving  signal  to  the  filter  terminal  resulted  in  filtration  of  one  of  the  incident  optical  signals. 
Optical  wavelength  of  the  filtrated  signal  depended  on  the  value  of  the  acoustic  frequency  f  .  As  much  as  90%  of  the 
incident  radiation  was  filtrated  by  the  device  with  the  driving  electric  power  as  low  as  P  =  50  m  IF.  If  the  driving  RF  signal 
consisted  of  a  number  of  electric  frequencies  then  the  filter  was  capable  of  operation  in  the  multiwavelength  regime. 
Moreover,  the  instrument  executed  filtration  of  optical  wavelength  and  simultaneously  regulation  of  light  intensity  in  each  of 
the  chosen  channels. 

Optical  crosstalk  at  the  device  output  was  less  than  -20  dB  if  the  signal  spacing  was  more  than  3.2  nm  .  On  the  other  hand, 
the  spacing  of  the  signals  about  0.8  nm  resulted  in  the  crosstalk  about  -  10  dB  .  It  was  observed  that  further  decrease  of  the 
crosstalk  may  be  achieved  in  a  number  of  ways,  e.g.  by  application  of  a  couple  of  identical  filters  in  tandem.  Experimental 
testing  of  the  instrument  proved  that  sensitivity  of  the  filter  to  optical  polarization  was  less  than  -  0.35  dB  confirming  the 
general  statement  that  the  filter  was  not  sensitive  to  optical  polarization. 


5.  ACOUSTO-OPTIC  PROCESSING  OF  IMAGES 

Tunable  acousto-optic  filters  have  been  successfully  used  in  systems  of  optical  information  processing  operating 
with  images®"'®.  As  found,  perfect  quality  of  a  filtrated  image  may  be  obtained  only  with  a  filter  possessing  wide  linear  and 
angular  apertures.  Growth  of  the  apertures  in  the  acousto-optic  filters  may  be  achieved  by  means  of  the  wide-angular 
geometry  of  interaction.  This  geometry  of  diffraction  has  been  successfully  used  in  systems  of  information  processing 
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operating  with  non-coherent  radiation.  However,  recently  it  was  proposed  that  processing  of  images  formed  in  coherent  light 
may  also  be  carried  out  with  the  help  of  the  wide-angular  acousto-optic  filters”. 

The  report  reviews  developed  systems  of  image  processing  intended  for  the  application  with  non-coherent  radiation  in  the 
ultraviolet,  visible  light,  near  and  middle  infixed  regions  of  spectrum.  High  quality  of  the  filtrated  images,  wide  tuning  range 
of  the  filters  and  relatively  low  levels  of  driving  power  were  obtained  in  the  imaging  filters  due  to  optimization  of  the 
interaction  geometry  in  TeOj  single  crystals  and  owing  to  accurate  fabrication  of  transducers  of  the  acousto-optic  cells. 

Tuning  range  of  the  developed  filters  exceeded  an  octave  while  transmission  coefficients  in  the  UV,  visible  light  and  near  IR 
regions  of  spectrum  were  close  to  90%.  Driving  RF  power  levels  in  the  mentioned  spectral  intervals  were  less  than  P  =  1.0- 
3.0  Watt .  Linear  apertures  of  the  imaging  systems  were  as  large  as  1.5  x  1.5  cn?  .  The  filters  were  also  designed  with 
angular  apertures  up  to  8“  providing  the  filtration  of  arbitrary  polarized  images  with  spatial  resolution  better  or  compatible 
with  the  TV  standard. 


Application  of  the  imaging  devices  for  processing  of  images  formed  in  coherent  light  resulted  in  development  of  new  models 
of  acousto-optic  filters  for  regulation  of  spatial  structure  of  coherent  beams".  Electronic  two-dimensional  selection  of  spatial 
frequencies  of  convergent  laser  beams  has  been  executed  by  means  of  the  designed  acousto-optic  paratellurite  devices.  The 
developed  filters  of  spatial  frequencies  could  perform  edge  enhancement  of  the  images.  The  advantage  of  the  method  consists 
in  the  fact  that  the  procedure  of  edge  enhancement  was  carried  out  in  real  time. 


6.  CONCLUSIONS 

It  may  be  concluded  that  successful  application  of  the  acousto-optic  filters  in  laser  technology,  optical  communication 
and  processing  of  information  became  possible  due  to  the  high  operation  parameters  of  the  designed  filters.  If  the  acousto¬ 
optic  filter  is  installed  inside  a  cavity  of  a  Ti:sapphire  laser  then  it  provides  the  possibility  to  tune  electronically  the 
instrument  all  over  the  wavelengths  of  laser  gain.  In  addition,  due  to  multiple  transitions  of  light  through  the  filter  in  the  laser 
cavity,  the  lasing  line  becomes  narrow.  High  resolution  filters  may  be  also  recommended  for  applications  in  WDM 
waveguide  communication  lines.  Though  spectral  passband  of  the  desired  filters  is  wider  than  required  by  the  existing 
standards,  the  advantages  of  the  instruments  in  optical  WDM  communication  lines  are  evident.  As  for  the  acousto-optic 
imaging  filters,  the  perfromed  analysis  has  proved  that  processing  of  coherent  and  non-coherent  images  has  already  become  a 
new  branch  of  acousto-optic  technology. 
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ABSTRACT 

The  results  of  studying  the  electrooptical  sensitivity  of  industrial  glasses  are  presented,  and  it  is  shown  that  Kerr  constant,  B, 
of  them  does  not  exceed  10''^  m/V^  An  approach  to  the  choice  of  compositions  of  the  glasses  of  high  Kerr  sensitivity  is 
developed,  and  experimental  sodium-niobium-silicate  glasses  with  6>10  '‘*  m/V^  have  been  designed  and  formed.  The  ap¬ 
proach  is  based  on  the  hypothesis  of  “crystalline  motifs”  (structural  inhomogeneities  responsible  for  electrooptical  sensitiv¬ 
ity  of  the  glasses),  which  are  the  ordered  regions  (several  coordination  spheres)  with  the  crystal-like  structure.  When  heat- 
treated  the  designed  glasses  crystallize,  with  the  phase  precipitated  being  NaNbOj  microcrystals.  Temporal-thermal  condi¬ 
tions  of  the  glass  crystallization  to  form  a  transparent  glass-ceramics  with  B-W'^  m/V^  have  been  found.  It  has  been  also 
shown  that  such  glass-ceramics  can  be  produced  by  high-temperature  alkaline  ion  exchange.  A  low-temperature  silver  ion 
exchange  in  the  designed  glasses  and  glass-ceramics  has  been  studied  and  optical  waveguides  supporting  from  1  to  50 
modes  have  been  formed.  In  these  waveguides  the  index  variation  equal  to  0.15  is  achieved. 

Keywords;  glass,  glass-ceramics,  electrooptical  phenomenon,  integrated  optics,  ion  exchange 


1.  INTRODUCTION 

The  research  was  aimed  at  designing  glasses  and  glass-ceramics  demonstrating  enhanced  Kerr  electrooptical  sensitivity  and 
suitable  for  the  formation  of  active  optical  elements  for  controlling  laser  radiation  by  applied  electric  field.  Glassy  materials 
could  be  prospective  if  they  demonstrated  proper  light  modulation  under  the  fields  of  reasonable  amplitude.  Since  the  manu¬ 
facturing  of  glasses  and  glass-ceramics  is  less  expensive  than  the  manufacturing  of  electrooptical  crystals,  low  cost  of  novel 
electrooptical  elements  for  controlling  laser  radiation,  including  bulk  and  integrated  optical  ones,  was  expected. 

The  activities  of  the  research  were:  i)  the  elaboration  of  the  approach  to  predict  electrooptical  properties  of  glasses;  ii)  the 
design  of  compositions,  the  synthesis  and  characterization  of  glasses  of  enhanced  electrooptical  sensitivity;  iii)  the  forma¬ 
tion  of  electrooptic  glass-ceramics  and  optical  waveguides  based  on  those  ceramics;  iv)  the  formation  of  GRIN  optical 
waveguides  based  on  electrooptical  glasses.  The  usage  of  the  materials  to  be  designed  lies  in  the  fields  of  integrated,  fiber, 
GRIN  and  non-linear  optics,  particularly,  for  manufacturing  electrooptical  light  modulators. 


2.  STUDIES  OF  KERR  SENSITIVITY  OF  GLASSES  AND  APPROACH  TO  THE  PROBLEM  OF  DE¬ 
SIGNING  ELECTROOPTICAL  GLASSES 

Different  types  of  the  Russian  commercial  optical  glasses  were  tested  by  Kerr  constant  measurement  and  it  was  established 
that  glasses  of  the  flint  type  demonstrated  highest  Kerr  constants,  B.  For  the  best  flint  glasses,  that  constant  turned  out  to  be 
about  5x10''®  m/V^.  Besides,  series  of  experimental  silicate,  germanium,  and  phosphate  glasses  containing  heavy  metals 
(like  Bi,  Ta,  Ti,  Te,  Nb,  Pb,  and  others)  and  the  glasses  containing  barium  or  alkaline  metals  additionally  were  produced  and 
Kerr  measurements  were  performed  as  well.  A  short  list  of  the  several  experimental  glass-forming  systems  studied  and 
demonstrating  a  measurable  value  of  Kerr  constant  is  i)  Silicate  systems;  Ba0-Si02-Al203-Ti02  (BT-series),  K20-Pb0- 
Ti02-Si02  (PT-series),  Na20-K20-Nb203-Si02  (S-series).  Si02-B203-Pb0-Te02-Ga203  (VF-series),  (Li+Na)20- 
(Ta+Nb)205-(Ti+Zr)02-Si02-Ge02  (NGS-series);  ii)  Germanium  systems:  PbO-GeO?;  Pb0-Nb205-Ge02;  iii)  Phosphate 
systems;  Li20-La203-P205-Nb205,  Pb0-Ba0-P205;  Pb0-Te02-P205;  iv)  Heavy  metal  systems:  Pb0-Bi203-Ga203  (H- 
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Fig.l.  Kerr  constant,  B,  of  the  commercial  flint  glasses  and  the 
glasses  designed  in  the  present  work. 


Li,0-La203-P205-Nb205,  PbO-BaO-P205;  PbO-TeOz-P.Oj;  iv)  Heavy  metal  systems:  Pb0-Bi203-Ga203  (H-series).  Fig¬ 
ure  1  summarizes  the  results  of  Kerr  constant  measurements. 

Of  all  the  studied  glasses,  silica-niobate  ones 
Glasses  for  optical  (S-series)  demonstrate  highest  Kerr  constant  (up 

I  to  1.5-10''''  m/V^  in  glass  S5)  that  is  higher  by 

ngs-1v  p-  ^  ^  magnitude  as  compared  with  best 

\^^|1  commercial  flint  glasses  (10’'^  m/V^).  The  bar 

120-  '  j--,.  diagram  in  Fig.l  does  not  include  the  results  on 

all  the  glasses  studied  because  they  do  not  dem- 
\  onstrate  Kerr  sensitivity  higher  than  one  for  the 

n  ,,  commercial  flint  glasses.  Although  it  could  be 

2  .  n  expected  that,  for  example,  glasses  of  BT-series 

silica  glass,  ^  ,  should  demonstrate  a  high  magnitude  of  B,  for 

B<o.5 10  irW  _  these  glasses  contain  up  to  40  mol.%  of  Ti02 

40  -  j  >,  .  gfjj  the  same  amount  of  BaO  (both  metals  are 

■  /  :  nn  •  '  of  high  polarizability).  It  was  found  that  some 

/  i-,n  ■  n  ’  ''  -  telluride  glasses,  which  contained  more  than  70 

pi/ . im  II  Infll.-ILlMl'l  lUl  ll-L  j5  o/„  p^o,  demon- 

Commerciai  Pb-phosphat  H-series  S-series  strated  Kerr  constants  3  times  lower  than  it  was 

flint  glasses  glasses  ^^^^g -cj  Contained  Only 

- - -  - - - - - - '  up  to  37  mol.%  of  NbzOj  (S5  glass).  Besides,  it 

Fio  1  Kerr  constant  iff,  of  the  commercial  flint  glasses  and  the  should  be  noted  that  NGS-1  glass  (see  Fig.l), 

classes  designed  in  the  present  work.  which  is  a  lithium-silicate  glass  containing  only 

®  &  H  2q  niol.%  of  Nb205,  demonstrates  rather  high 

S=1  3x10-''  m/V-.  Thus,  a  high  percentage  of  heavy  metals  or  other  highly  polarizable  elements  is  not  the  only  condition  for 
the  glasses  to  demonstrate  high  Kerr  sensitivity.  This  was  mentioned  earlier  by  M.  F.  Borrelli  et  at.  by  whom  a  dependent 
of  the  concentration  of  the  network  forming  components  on  B  was  suggested.  A  dependence  of  the  ^ 

of  glasses  on  the  network  composition  is  also  well-illustrated  by  our  measurements.  For  example,  Kerr  constants  of  nio- 
biuLphosphate  glasses  and  of  S-series  glasses,  which  are  the  glasses  with  the  same  niobium  contents  but  different  "etwo^ 
formi4  components,  differ  by  about  two  orders  of  magnitude.  Today,  it  is  not  clear  yet  what  the  reason  of  Kerr  sensitivity 

of  glasses  is. 

Electrooptical  (EO)  phenomenon  is  the  change  of  refractive  index  of  medium  due  to  the  rearrangement  of  the  interna'  elec¬ 
tric  charges  under  external  electric  field.  Glasses  demonstrate  features  of  both  the  liquid  state  and  the  solid  one  and  this  d^ 
alism  enables  one  to  assume  two  reasons  of  their  EO  sensitivity.  In  isotropic  liquids,  the  rearrangement  and,  therefore  EO 
phenomenon  is  caused  by  the  reorientation  of  molecules  and  the  deformation  of  electronic  shells.  In  glasses,  only  the 'after 
is  possible  for  any  electric-field-induced  reorientation  (or  rotation)  of  polar  glass  structure  fragments  at  room  temperature 
strLgly  obstructed  by  kinetic  restrictions.  Thus,  if  one  regards  glasses  as  a  liquid,  then  the  glasses  containing  multielectron 
ions  with  high  polarizability,  such  as  Pb,  Ba,  Bi,  Te,  and  others,  appear  to  be  perspective  ones  to  demonstrate  enhanced  EO 
sensitivity  In  crystals  EO  phenomenon  is  caused  by  the  rearrangement  of  ionic  charges  resulting  from  changing  the  local 
symmetry  of  the  crystal  lattice  under  external  field,  a  maximal  EO  response  being  observed  at  temperatures  close  to  he 
temperature  of  ferroelectric  phase  transition,  if  any.  Therefore,  the  highest  EO  sensitivity  is  expected  in  glasses  as  a  solid 
the  focal  structure  of  which  has  some  similarity  with  the  structure  of  EO  crystals.  This  similarity  (structural  motifs)  should 
exist  within  several  coordination  spheres  and  most  enhanced  Kerr  constants  are  supposed  to  be  in  case  the  cori^espondmg 
EO  crystal  exists  in  ferroelectric  phase  at  temperatures  near  and  below  the  glass  transition  temperatuie  region.  This  crys  - 
line  sftucture  can  be  ‘frozen’  in  glass  cooling  because  below  the  glass  transition  temperature  any  structoa  relaxation  does 
not  take  place  Seeing  that  EO  sensitivity  of  ferroelectric  ci^stals  is  much  higher  than  one  of  the  best  EO  liquids,  the  pres¬ 
ence  of  crystalline  structural  motifs  in  glasses  appears  to  be  a  most  likely  reason  for  glasses  demonstrating  high  Kerr  con¬ 
stants  as  compared  with  the  presence  of  highly  polarizable  multielectron  ions  only. 

The  data  on  lic^lft-  and  small-angle  X-ray"  scattering,  on  disturbance  of  Newton  character  of  the  glass  viscosity  at^  extra  low 
loading'*  as  well  as  the  analysis  of  thermodynamic  functions  of  glasses  at  absolute  temperature  zero  ,  and  otheis  ^how 
tt  Tn^  asres  t^e  actually  are  fluctuation  inhomogeneities  of  about  10  A  in  sizes  with  like-crystal  structure--^  which  do 
not  have  ^hase  boundaries^  We  will  call  those  regions  the  ciystalline  motifs  (CMs).  Our  approach  to  the  problem  of  de- 
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signing  glasses  with  high  Kerr  constants  is  reduced  to  the  following.  A  glass  can  demonstrate  high  Kerr  constants,  if  CMs 
are  similar  to  the  structure  of  the  crystals  of  high  EO  sensitivity.  Thus,  one  of  the  necessary  (but  not  sufficient)  conditions  to 
form  EO  glasses  consists  in  the  glasses  to  contain  all  the  components  entering  some  of  known  EO  crystals. 

In  the  present  report  we  do  not  discuss  all  the  conditions  to  ensure  the  formation  of  appropriate  CMs,  but  only  try  to  cor¬ 
roborate  the  validity  of  the  approach.  In  accordance  with  the  approach,  the  improvement  of  EO  sensitivity  of  glassy  material 
should  be  expected  if  the  material  were  to  contain  nano-  or  microcrystals  of  high  EO  sensitivity.  It  appears  that  such  micro¬ 
crystals  can  precipitate  in  annealing  of  the  glasses  with  corresponding  EO  CMs,  for  these  motifs,  being  almost  crystalline, 
can  be  easily  transformed  to  the  corresponding  nano-  or  microcrystals.  Since  those  motifs  are  also  responsible  for  high  EO 
sensitivity  of  homogeneous  glasses,  it  seems  to  be  correct  to  assume  that  the  EO  microcrystals  would  precipitate  in  the 
glasses  demonstrating  high  Kerr  constants 

Glass  crystallization  in  two  glass-forming  systems  (S-series  and  BT-series)  with  appropriate  for  EO  glasses  compositions 
has  been  studied,  and  Kerr  measurements  in  the  glasses  and  glass-ceramics  formed  have  been  performed  to  find  evidence  of 
the  validity  of  the  approach. 


3.  ELECTROOPTICAL  GLASSES  AND  GLASS-CERAMICS 

The  compositions  of  the  designed  and  studied  silica- 
niobate  (S-series)  glasses  can  be  formularized  as 
19Na20-l  lK20-xNb205-(66-x)Si02-4(others),  with 
X  varying  from  0  to  37.  (The  first  brief  study  of  this 
system  with  29<x<37  has  been  performed  in  1986 
year'“.)  It  was  expected  that  CMs  of  EO  crystals 
NaNbOs  or  KNbOj  or  (K,Na)Nb03  would  appear  in 
the  glasses  in  their  formation.  In  these  glasses  Kerr 
constant  increased  from  about  0  to  1.5x10'’'*  mA^^ 
with  a  rise  in  Nb^Os  concentration.  All  the  glasses 
of  S-series  were  studied  by  differential  thermal 
analysis  (DTA)  In  glasses  (S1-S5),  for  which 
Nb205  content  exceeds  30  mol  %,  only  two  peaks 
(near  680°C  and  930°C)  related  to  the  glass  crystal¬ 
lization  have  been  observed.  The  first  one  belongs 
to  the  NaNbOs  crystal  precipitation,  which  is  con¬ 
firmed  by  X-ray  diffraction  (XRD)  analysis  of  the 
glass  samples  after  heating  at  temperatures  higher 
than  680°C  but  lower  than  720°C 

Systematic  heat  treatments  of  S2  and  S4  glasses  at 
610°C,  630°C,  and  650°C  for  times  varying  form  1 
h  to  150  h  showed  increasing  the  volume  fraction  of 
NaNb03  crystalline  phase  with  a  rise  in  annealing 
time.  The  volume  fractions  were  estimated  by  the  height  of  XRD  peaks.  During  the  initial  lime  intervals  of  heat  treatments 
(up  to  16  h)  the  glasses  became  non-transparent,  however  after  30-h  treatment  they  became  transparent  again.  The  Kerr  con¬ 
stant  of  the  material  (Fig.  2)  increased  fi  om  -10'’'’  m/V',  which  was  typical  for  the  initial  glasses,  up  to  -lO"'"  m/V"  with  a 
rise  in  processing  time.  After  80-h  treatment,  Kerr  constant  of  the  ceramics  formed  ceased  rising,  and  that  corresponded  to 
the  saturation. 

The  increase  in  Kerr  constant  was  accompanied  with  changes  in  Raman  spectra  of  the  material  Fig  3  depicts  these  spectra. 
In  the  initial  glass,  Nb-atoms  can  occupy  3  different  positions":  in  separate  octahedron  (the  band  at  about  900  cm"'),  in 
chains  of  octahedrons  (the  band  at  about  830  cm"'),  and  in  the  crystalline  net  of  octahedrons  (the  band  at  about  650  cm’’). 
After  annealing,  most  of  Nb-atoms  are  in  the  net  that  coiresponds  to  crystal  lattice  The  formation  of  crystalline  lattice  was 
also  checked  in  XRD  measurements.  The  results  of  the  measurements  are  presented  in  Fig.4  Comparison  of  this  figure  with 
Fis  3  shows  that  the  CMs  are  the  origin  of  microcrystals  arising 


Fig.2.  The  increase  of  the  Kerr  constant  of  S2  glass  with  a 
rise  in  annealing  time. 
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Fig.3.  Changes  in  Raman  spectra  of  S2  glass  in  annealing  at  630  C 
for  different  time. 


Fig.4.  Changes  in  XRD  pattern  of  S2  glass  in  annealing  at  630  C 
for  different  time.  All  the  peaks  belong  to  NaNOs. 


Kerr  measurements  in  the  glasses  of  BT-series 
were  also  performed.  The  compositions  of  the 
glasses  of  BT-series  can  be  formularized  as 
jc[BaO-TiO2]-(100-;c)[Al2O3-2SiO2-BaO],  with  x 
varying  from  20  to  80.  It  was  expected  that  CMs 
of  the  EO  crystal  BaTi03  would  appear  in  the 
glasses  in  their  formation.  In  spite  of  the  fact  that 
these  glasses  contained  large  amounts  of  the  com¬ 
ponents  necessary  to  form  BaTi03  crystals,  which 
are  known  as  one  of  the  high  sensitive  EO  crystals, 
Kerr  constants  in  these  glasses  proved  to  be  equal 
about  the  same  as  for  commercial  flint  glasses 
(~10'‘^  m/V').  Several  glasses  of  BT-series  were 
studied  by  polythermal  heat  treatment  in  a  furnace 
with  temperature  gradient  for  2  h.  Glass  crystalli¬ 
zation  has  been  found  to  occur  at  temperatures 
higher  than  980°C.  The  crystallized  glasses  were 
non-transparent  and  Kerr  measurements  of  those 
crystallized  glass  were  impossible.  EO  measure¬ 
ments  in  the  samples  of  transparent  glasses,  which 
were  heat  treated  at  temperatures  below  the  crys¬ 
tallization  temperature  (800-950°C),  showed  that 
Kerr  constants  of  the  samples  did  not  change  com¬ 
pared  to  the  initial  (untreated)  glasses.  The  crys¬ 
tallized  glasses  of  BT-series  were  studied  by  XRD 
technique.  The  expected  crystals  of  BaTiOs  were 
not  determined,  and  the  precipitated  crystalline 
phases  could  not  be  identified. 

Comparison  of  the  results  on  Kerr  measurements 
and  on  crystallization  of  these  two  glass-forming 
systems  allows,  in  our  opinion,  to  conclude  that 
the  developed  approach  is  valid  and  can  be  used  in 
designing  new  EO  glasses  and  glass-ceramics.  The 
first  condition,  necessary  but  not  sufficient,  in  de¬ 
signing  EO  glasses  and  glass-ceramics  consists  in 
the  following;  the  glass  composition  must  include 
the  oxides  of  all  the  elements  entering  some 
known  EO  crystal.  The  high  Kerr  constant  of  the 
glass  points  to  the  presence  of  CMs  of  that  EO 
crystal,  and  it  is  a  sufficient  condition  for  the  cor¬ 
responding  EO  crystals  to  precipitate  in  forming 
EO  glass-ceramic  materials. 


4.  ION  EXCHANGE  IN  NEW  ELECTROOPTICAL  MATERIALS 

The  study  of  a  high-temperature  (above  glass  transition)  alkali-alkali  ion  exchange  in  new  EO  glasses  was  undertaken  to 
form  surface  EO  glass-ceramic  films.  Those  films  were  supposed  to  be  suitable  for  low-temperature  alkali-silver  ion  ex¬ 
change,  which  could  lead  to  the  formation  of  active  waveguide  structures  for  controlling  laser  radiation.  The  NGS  glass 
(with^Kerr  constant  equal  to  1.3x10''''  m/V^)  was  used  in  those  experiments.  The  NGS  gla,ss  is  a  lithium-niobate-silicate 
glass  (26  mol.%  of  LijO,  32  mol.%  of  SiOz,  20  mol.%  ofNbjOj,  and  others),  which  under  heat  treatment  above  its  glass 
transition  temperature  yields  a  non-transparent  glass-ceramics  with  LiNb03  crystals  as  precipitates.  Since  all  the  attempts  to 
synthesize  the  same  glass  containing  sodium  instead  of  lithium  were  failures  because  of  the  glass  crystallization,  it  appeared 
that  the  Li-Na  ion  exchange  in  NGS  glass  could  allow  the  controllable  formation  of  sodium-niobate  glass-ceramic  films. 
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The  Li-Na  ion  exchange  has  been  performed  in  a  salt  melt  of  MaNOs  at  two  temperatures  (620'’C  and  650°C)  and  for  times 
varying  from  1  to  16  hours.  Microscopic  observations  showed  that  after  the  ion  exchange  at  non-transparent  under¬ 
surface  layer  formed,  with  the  layer  thickness  depending  on  the  processing  time.  The  bulks  of  the  processed  samples  re¬ 
mained  homogeneous  and  transparent.  The  samples  after  ion  exchange  were  powdered  and  analyzed  by  the  XRD  technique. 
The  only  phase  has  been  found  to  be  NaNbOa  crystals  (see  Fig.5).  At  620°C,  the  ion  exchange  led  to  the  formation  of  layers, 
which  became  non-transparent  or  translucent  only  after  additional  3-h  heat  treatment  at  650°C.  The  XRD  analysis  showed 
that  it  was  due  to  the  growth  of  NaNb03  microcrystals  as  well.  These  experiments  have  illustrated  a  new  possibility  to  form 
EO  glass-ceramics  in  controllable  manner. 


Fig.5.  XRD  patterns  of  the  NGS  glass  samples  exposed  to  a 
NaNOs  salt  melt  at  650°C  for  4h  (1),  8h  (2),  and  16h  (3).  All  the 
peaks  belong  to  NaNOj 


A  study  of  the  low-temperature  silver  ion  exchange  in 
the  NGS  glass  has  been  performed  as  well.  The  study 
aimed  at  trying  to  form  waveguiding  structures  in  one 
of  the  designed  EO  glasses.  At  the  temperatures  used 
(260°C,  300°C,  and  340°C),  there  were  not  any  phase 
transformations  in  the  glass.  The  glass  samples  were 
exposed  to  a  salt  melt  of  dilute  AgNOs  (5  mol.%  of 
AgNOj  +  95  mol.%  of  NaNOj)  during  1,  3,  and  6 
hours.  Those  ion  exchange  treatments  resulted  in 
waveguides  supporting  from  10  to  50  modes.  Mode 
spectra  were  measured  by  the  prism  coupling  tech¬ 
nique.  The  characterization  of  the  diffusion  and  ion 
exchange  parameters  of  the  glass  has  been  performed 
by  the  recently  developed  technique'^,  for  which  a 
large  number  of  modes  is  a  factor  defining  high  preci¬ 
sion  of  the  technique.  As  a  result,  the  concentration- 
dependent  diffusion  coefficient  and  the  possible  index 
variation  (up  to  about  0. 1 6)  in  the  ion  exchange  proc¬ 
essing  used  have  been  determined  and  then  checked  in 
simulatmg  and  forming  graded-indcx  structures. 


An  attempt  to  form  optical  waveguides  in  the  designed  transparent  EO  glass-ceramics  with  high  Kerr  constant  (7x10''^ 
m/V^)  has  been  undertaken.  The  glass-ceramics  used  was  produced  from  S2  glass  in  two  step  annealing  at  610°C  (4.5  h)  and 
650°C  (1  h).  A  sample  of  this  glass-ceramics  was  exposed  to  a  salt  melt  of  NaNOs  at  360°C  for  1  h.  This  resulted  in  a  sin¬ 
gle-mode  waveguide,  but  light  scattering  in  that  structure  was  rather  high.  Here  it  should  be  noted  that  the  processing  of  the 
initial  S2  glass  at  the  same  ion  exchange  conditions  gave  rise  to  a  12-mode  waveguide.  It  was  not  an  unexpected  result,  for 
the  majority  of  alkaline  ions  (in  case  of  S2  glass,  they  are  Na  ions)  was  incorporated  by  the  NaNbOs  microcrystals  during 
the  glass-ceramics  formation,  and  in  the  vitreous  part  of  the  glass-ceramics  there  were  not  enough  alkali  ions  capable  of 
taking  part  in  the  ion  exchange.  It  resulted  in  a  decrease  in  the  index  variation  and  therefore  in  quantity  of  modes.  The  latter 
should  be  taken  into  account  in  designing  EO  glass-ceramics,  which  is  supposed  to  be  used  in  the  formation  of  active  glass- 
ceramics  waveguiding  structures. 


5.  CONCLUSIONS 

Studying  the  Kerr  sensitivity  of  most  types  of  Russian  industrial  glasses  shows  that  glasses  of  the  flint  type  demonstrate 
highest  Kerr  constants,  5,  which  do  not  exceed  10''^  mA^^.  The  experimental  silicate,  germanium,  and  phosphate  glasses 
containing  ions  of  heavy  and  other  highly  polarizable  elements  have  been  fonned,  and  the  measurements  of  their  Kerr  con¬ 
stants  have  shown  that  the  presence  of  those  ions  is  not  sufficient  for  glasses  to  demonstrate  high  Kerr  sensitivity.  An  ap¬ 
proach  based  on  the  hypothesis  of  “crystalline  motifs”  responsible  for  Kerr  sensitivity  of  the  glasses  has  been  suggested  and 
verified  by  comparing  electrooptical  and  crystallization  properties  of  the  glasses  designed.  The  highest  magnitudes  of  Kerr 
constant  are  achieved  in  sodium-niobium-silicate  glasses  (^10’'''  m/V^)  and  glass-ceramics  formed  from  those  glasses 
(fi>10'’^  m/V^)  by  annealing.  In  annealing,  NaNbOs  microcrystals  precipitated.  It  has  been  also  shown  that  sodium-niobate 
glass-ceramics  can  be  produced  by  high-temperature  Na  ion  exchange  in  a  glass  containing  other  alkali  ions.  In  this  case 
glass-ceramics  formation  can  be  performed  in  controllable  manner.  In  the  electrooptical  glasses  and  glass-ceramics  designed 
optical  waveguides  supporting  from  1  to  50  modes  have  been  Ibrmed  by  low-temperature  silver  ion  exchange,  the  maximal 
index  variation  being  equal  to  0.15.  Thus,  the  suggested  approach,  the  designed  glassy  materials  and  techniques  of  their 
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production,  as  well  as  the  developed  ion  exchange  technique  of  waveguide  formation  are  the  first  step  to  design  active  elec- 
trooptical  glassy  structures  for  controlling  laser  radiation. 
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ABSTRACT 


The  operation  of  various  designs  of  a  Faraday  isolator  at  high  average  power  with  an  arbitrary  orientation  of  a  cubic 
magneto-optical  crystal  is  studied  theoretically.  It  is  shown  that  in  different  Faraday  isolator  designs,  different  crystal 
orientations  may  be  optimal  from  the  standpoint  of  isolation.  Thermo-optic  and  photoelastic  constants  for  terbium  gallium 
garnet  crystals  grown  by  different  producers  were  measured.  Measurements  of  self-induced  depolarization  were  made  for 
various  orientations  of  crystallographic  axes.  The  measurements  are  in  good  agreement  with  theoretical  predictions.  Based 
on  the  obtained  results  it  is  possible  to  choose  such  crystal  orientation  for  Faraday  isolators  which  is  optimal  from  the 
standpoint  of  isolation  at  high  average  powers. 

Keywords:  photoelastic  effect,  TGG,  Faraday  isolator,  thermo-optic  constants,  compensation  of  self-induced  depolarization 


INTRODUCTION 

Since  the  average  power  of  continuous  wave  and  repetitively  pulsed  lasers  has  significantly  increased  over  the  past  years, 
investigations  of  thermal  effects  caused  by  absorption  of  laser  radiation  in  Faraday  isolators  (FI)  are  becoming  more 
important'"*.  Many  applications  require  a  combination  of  high  average  power,  great  isolation  ratios  and  small  aberrations 
introduced  by  FI.  An  illustrative  example  is  a  laser  interferometer  for  gravitational  wave  observatory’.  When  choosing 
materials  for  magneto-optics,  specific  features  of  different  thermal  effects  should  be  considered.  In  a  number  of  papers, 
figures  of  merit  were  introduced,  which  allows  comparing  different  magneto-optical  materials.  From  the  standpoint  of 
energy  losses,  such  figure  of  merit  is  the  ratio  V/oto  where  F  is  the  Verdet  constant  and  Uo  is  the  absorption  coefficient 
per  a  length  unit.  From  the  standpoint  of  thermal  self-focusing  the  figure  of  merit  is  Wcr  (where  Pf'cr  is  the  critical  energy 
of  thermal  self-focusing  "  )  for  pulsed  lasers,  and  kFIV„  (where  k  is  the  coefficient  of  thermal  conductivity)  for  high 
average  power  lasers.  However,  these  effects  have  almost  no  influence  upon  the  main  parameter  of  a  Faraday  isolator  -  its 
isolation  ratio,  because  they  affect  only  the  amplitude  and  phase  of  laser  radiation  but  do  not  alter  the  state  of  polarization. 
The  thermal  effects  that  lead  to  depolarization  of  laser  radiation  and,  consequently,  to  isolation  deterioration,  namely  the 
temperature  dependence  of  the  Verdet  constant  and  the  photoelastic  effect,  were  studied  for  the  first  time  in  Refs.  . 
Ref '''  predicted  theoretically  that  it  is  the  photoelastic  effect  that  limits  the  isolation  ratio  at  high  average  powers,  and  the 
effect  of  the  temperature  dependence  of  the  Verdet  constant  may  be  neglected.  In  Refs.'*”  this  theoretical  prediction  was 
confirmed  in  experiment.  In  Ref''*  for  crystals  with  the  [001]  orientation  (and  also  for  glass  magneto-optical  elements)  a 
figure  of  merit  p,  which  characterizes  a  magneto-optical  medium  from  this  standpoint  (the  higher  p,  the  greater  the  isolation 
ratio  and,  consequently,  the  better  the  medium),  was  defined  as 


F/c 


where  2  is  a  thermo-optic  constant  characterizing  the  thermo-photoelastic  effect  for  the  components  of  rod  configuration. 


e= 


1  -I-  v 


(1) 


Here  L,  v,  py  and  ««  are  the  length,  the  Poison's  ratio,  and  the  refraction  index,  respectively,  T  is  the  temperature,  and  py 
(i,j=l,2..6)  are  elements  of  the  photoelasticity  tensor  in  two-index  Nye’s  convection'®.  Recently,  new  designs  of  a  Faraday 
isolator  that  allow  for  compensation  of  the  self-induced  depolarization  in  the  magneto-optic  medium  were  reported  and 
studied  in  detail”’ In  these  designs,  the  nonisolation  (depolarization  ratio)  even  for  the  [001]  orientation  depends  not 
only  on  p  but  also  on  the  parameter  ^  defined  as 
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Pi  I  “  Pl2 

Therefore,  it  is  essential  to  measure  ^  and  the  values  included  into  n  for  a  terbium  gallium  garnet  (TGG)  crystal,  a  crystal 
most  commonly  used  in  high  power  lasers,  and  to  study  the  operation  of  different  FI  designs  with  an  arbitrary  orientation  of 
the  crystal. 


The  Verdet  constant  Fand  the  thermal  conductivity  k  are  important  characteristics,  which  determine  the  advantages  of  TGG 
over  magneto-optical  glasses.  Their  values  are  well  known  (V=0.135min/cmOe  at  a  wavelength  of  1064  nm,  k=7.4  W/m). 
The  absorption  coefficient  may  strongly  depend  on  a  sample,  as  found  in  practice.  For  magnetically  active  media,  values  of 
Q  were  measured,  to  the  best  of  our  knowledge,  only  for  glasses whereas  ^  -  only  for  a  YIG  crystal  (^=1.7)  In  Ref.''* 
an  attempt  was  made  to  measure  ^  and  the  product  Qa^  for  a  TGG  crystal.  However,  the  measurement  accuracy  was 
insignificant,  because  a  laser  of  not  very  high  power  was  used  and  only  one  sample  was  studied.  The  uncertainty  in  values 
of  Q  and  ao  makes  it  impossible  to  determine  the  isolation  ratio  of  FIs  even  with  the  [001]  orientation.  In  the  present 
paper  (in  Section  2),  we  measure  the  values  of  ^  and  the  product  Qa.  for  ten  TGG  crystal  samples  with  different  orientation 
and  from  various  producers. 


The  characteristics  of  the  traditional  and  novel  designs  of  the  Faraday  isolator  at  an  arbitrary  crystal  orientation  have  been 
neither  studied  nor  even  discussed  by  the  researchers  so  far.  Even  in  the  absence  of  the  magnetic  field  the  thermally  induced 
birefringence  in  a  cubic  crystal  was  investigated  analytically^^'^'*  only  for  [001]  and  [111]  orientations  and  numerically  for 
an  arbitrary  orientation  of  a  YAG  crystal.  In  all  these  papers  only  uniform  heat  release  was  considered,  which  for  self- 
induced  birefringence  is  valid  only  for  a  flat-shaped  beam.  In  Section  1  of  this  paper  we  present  analytical  expressions  of 
the  isolation  ratio  obtained  for  different  FI  designs  at  high  average  powers  of  an  axially  symmetric  beam  of  an  arbitrary 
shape  with  an  arbitrary  orientation  of  a  cubic  crystal.  In  Section  3  these  dependences  are  investigated  in  experiment  for  a 
Gaussian  beam  and  TGG  crystals  with  different  orientations.  The  data  obtained  in  sections  1-3  are  discussed  in  Section  4  to 
determine  optimal  orientations  of  a  TGG  crystal  for  the  different  FI  designs.  The  results  are  generalized  for  the  case  of 
depolarization  without  any  magnetic  field. 

2.  DEPENDENCE  OF  DEPOLARIZATION  RATIO  ON  CRYSTAL  ORIENTATION 

The  depolarization  ratio  (depolarization)  y  is  defined  as  the  ratio  of  power  of  a  depolarized  component  of  laser  radiation  to 
the  total  power.  The  isolation  ratio  is  y''.  Let  us  find  the  depolarization  in  FI  at  a  high  average  power  with  an  arbitrary 
orientation  of  crystal  axis  relative  to  the  wave  vector  of  an  optical  wave.  Investigations  have  shown  ’  that  the  best  FI 
design  at  a  high  average  power  is  that  comprising  two  22.5°  Faraday  rotators  and  a  67.5°  reciprocal  quartz  rotator  (QR) 
placed  between  them.  Below  we  shall  call  this  design  "design  with  QR".  At  the  same  time,  most  widely  used  now  is  the 
traditional  FR  design  that  consists  of  a  single  45°  Faraday  rotator.  In  this  paper,  we  shall  consider  only  these  two  FI  designs. 
The  computation  procedure  is  as  follows.  We  shall  use  expressions  for  y  obtained  in  Refs.'^’'®  as  a  function  of  phase 
difference  5|  and  of  the  direction  of  eigenaxes  v|/  of  linear  birefringence  caused  by  the  photoelastic  effect.  The  values  of  5i 
and  \\i  are  determined  by  the  tensor  of  dielectric  impermeability  B.  To  calculate  elements  of  this  tensor  for  an  arbitrary 
orientation,  we  shall  apply  the  procedure  used  in  Ref-^  However,  unlike  this  paper,  where  only  numerical  calculations  were 
made  for  a  uniform  distribution  of  heat  release  in  a  YAG  crystal,  we  shall  yield  analytical  expressions  for  B  and  y  at  any 
axially  symmetric  distribution  of  laser  intensity  for  any  cubic  crystal  of  arbitrary  orientation.  Based  on  the  obtained 
expressions  we  shall  define  an  optimal  orientation  from  the  standpoint  of  isolation. 


Let  us  assume  that  the  wave  vector  is  parallel  to  the  z  axis,  and  the  crystal  has  a  cylindrical  shape  with  the  axis  of  symmetry 
parallel  to  the  z  axis  (Fig.  1).  In  Refs.'^  '®  the  following  expressions  for  y  were  obtained 


Yo  = 


-29-7tl^)- l{r)rdr 


Yr 


(7r/2~42f 


2H  Ri, 

jd(p 


I{r)rdr 


(2) 


I(r)  =  IJ\ 


V'o  J 


Pq  =  IttIq  |/  Lj  rdr  =  to^Iq  ^f(y)dy 


where  5|=5|(r,(p)  and  4^=T'(r,(p)  are  the  phase  difference  and  the  direction  of  eigenaxes  of  linear  birefringence;  I{r),  Po  are 
the  intensity  distribution  and  power  of  laser  radiation;  Rq,  Pq  are  the  crystal  radius  and  effective  beam  radius,  0  is  the 
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inclination  angle  of  incident  polarization  relative  to  the  x  axis;  and  r,  cp  are  polar  coordinates  (Fig.  1).  The  subscripts  0  and 
R  used  here  and  later  refer  to,  respectively,  the  traditional  design  and  the  design  with  QR.  These  expressions  are  valid  at  an 
optimal  rotation  angle  of  QR  (67.5°)  and  at  small  thermally  induced  bireffigence  5|  «1.  In  this  paper  we  won't  go  beyond 


Elements  of  the  tensor  B  depend  on  temperature  distribution  and  crystal  orientation,  i.e.,  on  the  mutual  position  of  the 
crystallographic  axes  (no  matter  which  one,  since  the  crystal  is  cubic)  and  the  wave  vector.  In  the  simplest  case  the 
crystallographic  axes  abc  coincide  with  the  directions  xyz,  which  corresponds  to  the  [001]  orientation.  An  arbitrary 
orientation  can  be  given  by  use  of  two  sequential  rotations  of  the  coordinate  frame  xyz  relative  to  the  crystallographic 
pattern  at  angles  a  and  (3  as  shown  in  Fig.  2.  First  the  coordinate  frame  xyz  rotates  at  an  angle  a  around  the  axis  z  that 
coincides  with  the  crystallographic  axis  c  (Fig.  2a),  and  then  at  an  angle  P  around  the  y  axis  (Fig.  2b).  By  varying  the  values 
of  a  and  p  we  can  obtain  any  orientation  of  the  crystal.  Ref  describes  a  procedure  for  calculating  the  tensor  B  through 
elements  of  the  strain  tensor  s  written  in  the  cylindrical  coordinates  rtpz  where  it  has  a  diagonal  form.  In  this  paper  no 
analytical  expressions  were  obtained.  The  authors  limited  oneselves  to  numerical  calculation  for  the  YAG  crystal.  Not 
repeating  all  the  formulas  of  this  paper,  we  shall  describe  only  the  calculation  procedure  in  general.  The  strain  tensor  is 
transformed  from  the  cylindrical  to  Cartensian  coordinate  frame  rotated  relative  to  the  xyz  frame  at  angles  a  and  P  so  that  its 
axes  coincide  with  the  crystallographic  axes  of  the  crystal  abc.  In  these  coordinates  the  change  of  tensor  B  due  to 
photoelastic  effect  can  be  found  by  simply  multiplying  the  tensor  of  photoelastic  coefficients  by  the  strain  tensor. 
Thereafter,  the  tensor  B  is  transformed  into  the  Cartensian  coordinates  xyz.  As  a  result,  the  following  analytical  expressions 
can  be  obtained  in  a  general  form 


Fig.2.  The  xyz  coordinates  rotated  relative  to  the  crystal  pattern  abc. 
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,2  are  diagonal  elements  of  the  strain  tensor  in  the  cylindrical  coordinates  (non-diagonal  elements  are  equal  to  zero). 
Note  that  coefficients  ai  and  hi  depend  only  on  angles  a  and  P,  i.e.,  are  fully  determined  by  crystal  orientation.  Subsdtuting 
expressions  for  known  from  the  elasticity  theory  for  a  cylindrical  sample  with  radius  Ro  (see,  for  example^’^’ )  into 

expression  (6)  yields 
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By  substituting  in  these  expressions  the  solution  of  the  equation  for  thermal  conductivity  for  a  infinite-long  cylindrical 
sample  (see,  for  examp le'^’"^) 

dT  _  oq/o  ro  .  (8) 
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and  the  result  of  this  substitution  into  expression  (4),  we  obtain 
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Substitution  of  expression  (9)  into  expression  (3),  and  then  substitution  of  the  result  into  (2),  followed  by  integration,  yields 
expressions  for  depolarization 

2 
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Note  that  the  coefficients  dj  depend  only  on  a,  p  and  The  values  of  F,  H,  K,  M,  N  are  determined  only  by  the  beam  shape 
and  the  size  of  the  crystal  and  depend  only  on  R.  Integrals  (14)  can  be  readily  calculated  for  any  beam.  From  a  practical 
point  of  view,  of  most  interest  are  Gaussian  and  flat-shaped  beams,  for  which 

f(y)  =  exp(-y) 

respectively.  For  a  flat-shaped  beam  under  the  obvious  condition  /?>!,  the  values  ofF,  H,  K,  M,  N  do  not  depend  on  R.  They 
are  given  in  Tabl.  1.  In  view  of  these  values,  the  formulas  (10,11)  are  simplified  correspondingly.  Table  1  presents  also 
formulas  (14)  for  a  Gaussian  beam  and  values  of  F,  H,  K.  M,  Nat  certain  R,  calculated  using  these  formulas. 
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Table  1 .  The  values  of  constants  F,  H,  K,  M,  N  for  flat-shaped  and  Gaussian  beams  at  different  R. 
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In  Refs‘^‘®  it  was  shown  that  at  the  [001]  orientation  an  important  advantage  of  the  design  with  QR  is  that  depolarization  is 
independent  of  polarization  of  the  incident  field  (yr  is  independent  of  9).  From  (1 1)  it  is  seen  that  this  advantageous  feature 
is  preserved  at  any  orientation.  In  the  traditional  design,  the  depolarization  depends  on  0,  and,  as  follows  from  expression 
(10),  this  dependence  is  periodic  with  a  period  90°  at  any  orientation.  It  is  possible  to  minimize  yo  by  varying  0.  By 
differentiating  (10)  with  respect  to  0  and  putting  the  derivative  to  zero,  we  find  the  optimal  angle  9opt  and  minimum 
depolarization  yomin 
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tan(46i„„, )  = 
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Expressions  (16)  and  (11)  permit  to  find  depolarization  and,  consequently,  the  isolation  ratio  of  FR  (as  a  quantity  reverse  to 
depolarization)  for  the  traditional  design  and  the  design  with  QR,  respectively.  For  the  both  designs  the  depolarization  is 
determined  by  crystal  orientation  (angles  a  and  P),  beam  shape  (constants  F,  H,  K,  M,  N )  and  also  by  the  normalized  power 
of  radiation  p  and  the  parameter  ^  which  characterizes  the  properties  of  the  crystallographic  lattice. 

In  conclusion,  we  shall  describe  some  particular  cases.  First,  we  shall  consider  the  [001]  orientation  m  case  when  all  three 
crystallographic  axes  coincide  with  axes  of  the  xyz  coordinates.  For  a  cubic  crystal,  corresponding  values  of  angles  a  and  p 
are  7tn/2  (n  is  an  integral  number).  In  this  case  from  expressions  (10,1 1)  we  yield  expressions 


=  ^H-  sin^^20  +  -^j  +  |^cos^|^20  + 


yo([ooi]) 


OTT 


which  coincide  with  expressions  given  in  Ref .  A  second  practically  important  particular  case  is  the  [1 1 1]  orientation  for 
which  a=45°  and  p=54.8°  ( tan  =  V2  ).  In  this  case  the  depolarization  does  not  depend  on  9,  and  from  (10,1 1)  we  obtain 


r«([ni])  = 


(;r/2->/2)V 


K{U2^y 


These  expressions  also  can  be  obtained  using  the  procedure  described  in  Ref if  we  use  the  expression  for  5,  at  the  [1 1 1] 
orientation  from  Refs.^^’”.  Note  that  for  magnetically  active  glass  (^=1)  from  expression  (13)  we  yield  d-O  (i«),  di-l,  and 
depolarization  yo.a  does  not  depend  on  angles  9,  a  and  P,  while  expression  (10,11)  come  to  expressions  obtained  for  this 

case  in  Refs. 

In  Ref  it  was  shown  that  in  the  absence  of  magnetic  field  the  self-induced  thermal  depolarization  Yh=o,  after  replacement 
of  9+71/8  by  9,  is  different  from  the  depolarization  in  the  traditional  design  yo  only  by  a  multiple  of  7t  /8 

O 

Thus  all  expressions  obtained  for  yo  to  an  accuracy  of  (21)  shall  be  valid  also  for  self-induced  depolarization 
without  any  magnetic  field.  We  shall  use  this  fact  later  in  measurements  of  Q  and  ^  (see  section  2).  Additionally  this  can  be 
used  to  calculate  depolarization  in  active  elements  of  laser  amplifiers.  In  the  latter  case  it  is  necessary  to  substitute  into 

expression  (8)  the  volume  density  of  heat  release  power  instead  of  ao/o/fy)- 

3.  MEASUREMENTS  OF  PARAMETERS  Q  AND  ^  FOR  DIFFERENT  TGG  CRYSTALS 

In  our  measurements  of  Q  and  ^  we  used  the  depolarization  effect  of  powerful  laser  radiation  during  its  propagation  m  an 
isorb ing  Sil  wi.ho«.  any  Lgnetic  field.  A  c,7Stal  was  placed  between  a  pair  of  eross-aligned  polartzers,  as  shown  m 
Fi«  3a  In  experiment  we  measured  the  nonisolation  ratio  yH=o  as  a  function  of  power  of  laser  radiation  Pq.  T  is 
measurement  technique  was  used  in  Ref''  and  also  in  measurements  of  the  parameter  Q  for  ntagneto-optical  glasses  m 
Refs.'®  -“.  For  optical  glasses  this  measurement  technique  gave  values  of  Q  that  differed  only  by  19-29  /o  from  those  known 
from  the  literature,  indicating  that  the  measurement  accuracy  provided  by  this  technique  is  rather  high. 

In  our  experiments  a  quasi-CW  Nd:YALO  laser'  with  power  up  to  109  W  (?l=1080  nm)  and  a  commercial  CW  NdYLF 
laser  (Photonics  Industries)  with  power  up  to  60  W  (^=1053  nm)  were  used  as  the  radiation  source.  An  optical  beam  had  a 
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Gaussian  profile  with  a  diameter  of  approximately  2.5  mm  (Nd:YLF)  and  8  mm  (Nd:YALO).  Ten  crystals  were  studied. 
The  results  are  summarized  in  Table  2  (Nos.  1-10). 


LASER 


polarizer 


0 


TGG 


polarizer 


sr 


depolarization 


main  beam  T 

polarizer 


main  beam  I 

b  depolarization  T 


Fig.3.  A  single-pass  (a) 
and  a  two-pass  (b) 
schemes  of  the 
experiment. 


The  dependences  Yh=o(A),  measured  for  different  crystal  samples,  were  compared  with  theoretical  predictions.  The 
measurements  were  carried  out  first  for  crystals  with  the  [001]  orientation  at  0=7t/4.  In  this  case  the  radiation  polarization  is 
parallel  to  the  prevailing  (preferred)  direction  of  the  eigenaxes  which  go  along  the  bisector  between  the  crystallographic 
axes  (in  this  direction  the  crystal’s  resistance  to  deformation  is  the  worst).  It  follows  from  expressions  (17,21)  that  at  this 
value  of  0  the  depolarization  is  minimum  and  does  not  depend  on  the  parameter  The  product  Qao  was  used  as  a  fitting 
parameter.  Then  the  measurements  were  repeated  for  0=0.  In  this  case  the  radiation  polarization  is  inclined  at  45°  to  the 
prevailing  direction  of  the  eigenaxes.  At  this  value  of  0  the  depolarization  is  maximum  and  exceeds  the  depolarization  at 
0=7r/4  by  a  factor  of  For  crystals  with  the  [1 1 1]  orientation  the  dependences  Yh=o(7’o)  were  compared  with  (19,21).  This 
measurement  technique  does  not  allow  us  to  measure  ^  and  Qoq  independently  for  this  orientation.  Therefore,  the  value  of  ^ 
was  considered  known  from  previous  measurements,  and  Qolo  was  used  again  as  a  fitting  parameter. 

It  should  be  noted  that  errors  in  measurements  of  Po,  as  well  as  an  insignificant  ellipticity  of  a  beam  and  an  imperfect 
symmetry  of  cooling  lead  to  errors  in  measurements  of  Qoo  and  Another  serious  source  of  errors  is  the  presence  of 
residual  («cold»)  depolarization  and  light  scattering  in  the  ciystal.  All  these  parasitic  effects  are  not  considered  by  the 
theory.  The  latter  two  effects  are  linear  in  power  and  hence  the  depolarization  induced  by  them  is  power-independent.  At  the 
same  time,  the  thermal  effects  lead  to  a  quadratic  dependence  of  the  depolarization  on  power.  It  is  evident  that  starting  from 
some  high  power  these  effects  may  be  neglected.  It  is  possible  to  define  whether  this  power  is  achieved  or  not  in  experiment 
by  analyzing  the  character  of  the  dependence  Yh=o(/’o)-  On  the  double  logarithmic  scale,  the  quadratic  dependence 
corresponds  to  an  inclined  line,  whereas  no-dependence  is  a  horizontal  line.  The  Yh=o(7’o)  plot,  measured  in  a  wide  range  of 
power  values,  must  change  from  a  horizontal  line  to  an  inclined  line,  corresponding  (on  the  logarithmic  scale)  to  the 
quadratic  dependence  at  high  powers. 

In  measurements  of  fairly  long  crystals  by  a  100-W  laser  we  managed  to  cover  this  power  range,  (see  Fig.  4  and  Table  2, 
Nos.  1-4,7).  It  is  seen  from  this  figure  that  at  a  high  power  the  experimental  data  were  in  good  agreement  with  theoretical 
predictions.  However,  the  60  W  power  of  laser  radiation  was  too  low  for  the  thermal  effects  to  dominate  in  short  and  weakly 
absorbing  crystals.  Therefore,  it  was  impossible  to  determine  reliably  the  parameters  gcco  and  ^  using  a  single-pass  scheme 
(Fig.  3a).  To  overcome  this  obstacle,  we  used  a  two-pass  scheme  of  measurements,  as  shown  in  Fig.  3b.  After  a  first  pass 
through  the  sample,  a  mirror  directs  a  laser  beam  in  the  backward  direction  at  a  small  angle.  This  angle  was  chosen  small  so 
that  the  distance  between  the  axes  of  the  forward  and  backward  beams  in  the  sample  was  negligibly  small  in  comparison 
with  the  beam  radius,  and  hence  the  beam  shift  may  be  neglected.  Then  it  is  obvious  that  the  power  released  in  the  optical 
element  as  heat  is  twice  increased  in  comparison  with  the  single-pass  scheme  (Fig.  3a),  still  preserving  the  Gaussian 
transverse  distribution.  The  length  of  the  optical  pass  is  also  twice  increased,  whereas  the  other  parameters  are  kept  the 
same.  Therefore,  after  the  replacement  of  Poby  2Po  and  L  by  2L  in  expression  (12)  the  parameter  p  increases  by  4  times,  and 
the  depolarization,  according  to  (17,19),  by  16  times.  This  increase  allowed  us  to  measure  the  parameters  for  all  crystals. 

Other  aspects  of  the  measurement  procedure  were  the  same  as  in  the  single-pass  measurements  (Fig.  2)  Using  the  two-pass 
scheme  and  a  Nd;YLF  laser  with  a  laser  power  of  60  W,  parameters  of  seven  crystals  were  measured,  see  Table  2  Nos.  4-10. 
Figure  5  presents  the  dependence  Yh=o(7’o)  for  samples  Nos.  4,8. 
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Yh=0 


Fig.4.  Experimental  (in  a  single-pass  scheme)  and 
theoretical  dependences  of  depolarization  on  power 
for  crystal  No  1  (rhombuses  Qao=l  lxlO'’/Km),  No  2 
(triangles  Qao=3.7xlO'’/Km)  and  No  3  (circles 
Qao=9.3xlO'’/Km). 


yH=0 


Fig.5.  Experimental  (in  a  two-pass  scheme)  and 
theoretical  dependences  of  depolarization  on  power  for 
crystal  No  8  at  Qao=7.7xlO'^/Km,  ^=2.2  (0=0°  - 
open  squares,  thin  line;  0=45°  -  filled  squares,  solid 
line)  and  for  crystal  No  4  at  Qao=6xlO'^/Km,  ^=2.2 
(crosses,  dotted  line). 


No 

diameter 

orientation 

vendor 

X,  nm 

Qo-o, 

^/yOmin 

1/Yr 

(length), 

IO'^/Km 

@300Bt,  dB 

@300Bt,  dB 

mm 

1 

15(36) 

[111] 

Litton  (USA) 

1080 

11 

- 

11 

34 

2 

15(36) 

[111] 

Litton  (USA) 

1080 

3.7 

- 

20 

53 

3 

15(36) 

[111] 

Litton  (USA) 

1080 

9.3 

- 

12 

37 

4 

10(20) 

[111] 

Litton  (USA) 

1053 

6.0 

- 

16 

45 

1080 

6.2 

- 

16 

44 

5 

5(54) 

[111] 

OFR  (USA) 

1053 

2.5 

- 

24 

60 

6 

5.5  (29) 

[111] 

Deltronix  (USA) 

1053 

5.2 

- 

17 

48 

7 

13(20) 

[001] 

EOT  (USA) 

1053 

5.4 

2.3 

22 

47 

1080 

6.5 

2.2 

21 

44 

8 

11  (11) 

[001] 

Lynx  (Russia) 

1053 

7.7 

2.2 

19 

41 

9 

11  (11) 

[001] 

Lynx  (Russia) 

1053 

7.0 

2.3 

20 

42 

10 

11(11) 

[001] 

Lynx  (Russia) 

1053 

7.8 

2.1 

19 

41 

Table  2.  Parameters  of  TGG  crystals  and  isolation  ratios  achievable  with  these  crystals  in  the  traditional  design  (1/yomin)  ^nd 
the  design  with  QR  (1/yr)  at  laser  power  of  300  W  (Z,/^=30000). 


4  MEASUREMENT  OF  DEPOLARIZATION  AT  AN  ARBITRARY  ORIENTATION  OF  THE 

CRYSTAL 

As  seen  from  Figs.  4,5,  for  [001]  and  [1 1 1]  orientations  the  theoretical  results  are  in  excellent  agreement  with  experiments. 
To  check  the  theoretical  predictions  for  other  orientations  one  needs  to  have  many  expensive  crystal  samples  cut  at  different 
angles  with  respect  to  the  crystallographic  axis.  Instead,  we  used  a  relatively  short  and  wide-aperture  crystal  No  8.  Laser 
light  was  transmitted  through  this  crystal  at  an  angle  to  the  face  surface  (Fig.  6).  Maximum  angle  between  the  crystal  axis 
(which  coincides  with  cylinder's  symmetry  axis)  and  a  wave  vector  was  25.6°.  This  allowed  us  to  measure  the 
depolarization  at  0<P<25.6°  and  at  any  values  of  a. 

In  such  <Jeometry  of  the  experiment  and  when  an  angle  0  is  different  from  0  or  90°,  polarization  effects  may  occur,  which 
are  associated  with  a  difference  in  the  transmission  coefficients  of  s-  and  p-polarizations  through  the  air-crystal  and  crystal- 
air  boundaries.  To  exclude  these  parasitic  effects,  we  conducted  experiments  only  with  s-polarization  (0-90°). 
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Fig.6.  Geometry  of  experiment  at  an  arbitrary  orientation. 


Fig.7.  Depolarization  in  crystal  No  8  vs  angle  a 
at  6=90“,  p=21“. 


Yh=o/p' 


Fig.8.  Theoretical  (lines)  and  experimental 
(points)  dependences  of  depolarization 
normalized  to  p^  in  crystal  No  8  on  angle  P  at 
0=90",  0=0"  and  a=45". 


We  used  a  Nd;YLF  laser  radiation  and  a  two-pass  scheme  (Fig.  3b).  At  p=21°  and  P=36  W  the  dependence  of  the 
depolarization  on  a  was  measured.  The  results  are  shown  in  Fig.  7.  This  figure  also  presents  a  theoretical  dependence 
plotted  by  formulas  (10,21).  When  plotting  this  dependence  we  considered  an  increase  in  the  pass  length  of  the  light  beam 
in  crystal  L  due  to  the  non-zero  inclination  angle.  Values  of  gccoand  ^  were  taken  from  Tabl.  2. 

Analysis  of  expressions  (10,21)  shows  that  when  0=90°  the  depolarization  has  its  maximum  at  a=0°  and  minimum  at  a=45° 
for  any  values  of  p  and  Pq.  Figure  8  displays  theoretical  and  experimental  dependences  of  y(P)  for  these  experimental  values 
of  the  angle  a  at  P=38  W.  It  is  seen  from  Figs.  7,8  that  the  extremum  data  are  in  good  agreement  with  theory  also  for  an 
arbitrary  orientation  of  the  crystal. 


5.  DISCUSSION  AND  CONCLUSIONS 

We  shall  first  discuss  the  results  of  measurements  of  Qcxo  and  The  parameter  ^  was  measured  to  have  close  values  for  all 
four  crystals  with  the  [001]  orientation,  see  Tabl.  2.  Since  in  the  measurement  procedure  we  used,  an  error  in  measurements 
of  ^  depends  neither  the  absorption  coefficient  nor  on  Q,  it  is  possible  to  say  that  the  value  ^=2.2±0.2  was  measured  quite 
reliably.  Note  that  this  value  is  less  than  that  given  in  Ref It  is  likely  that  the  inaccuracy  in  measurements  made  in  Ref ‘‘‘ 
is  connected  with  the  "cold"  depolarization  whose  influence  appears  significant  at  a  low  laser  power  (9  W)  and  for  a  single¬ 
pass  measurement  scheme. 

The  comparison  of  values  of  Qao  obtained  for  different  samples  shows  a  wide  spread  in  this  parameter  from  sample  to 
sample.  Even  the  three  crystals  with  the  same  orientation,  the  same  size  and  from  the  same  producer  (Nos.  1-3  in  Tabl.  2) 
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are  no  exception  here.  All  the  quantities  included  in  expression  (1)  cannot,  apparently,  vary  from  sainple  to  sample.  Hence, 
it  is  the  absorption  coefficient  that  has  such  a  wide  spread  in  value.  Most  likely  the  absorption  is  connected  with  the 
presence  of  an  insignificant  amount  of  highly  absorbing  mixtures.  The  higher  their  concentration  in  the  sample,  the  higher 
the  absorption.  Of  the  ten  samples  we  studied  the  weakest  absorption  was  in  sample  No  5.  Perhaps  it  is  free  of  absorbing 
mixtures  and  has  the  absorption  of  a  proper  TGG  crystal.  It  is  also  possible  that  this  sample  still  contains  some  amount  of 
the  mixtures  but  the  absorption  of  the  proper  crystal  is  even  lower. 

A  small  difference  in  the  wavelength  (1053  nm  for  NdrYLF  and  1080  nm  for  Nd:YALO)  is  not  very  significant  for 
measurements  ofQ,  since  all  quantities  included  in  expression  (1)  are  very  slow  functions  of  the  wavelength.  For  exainjjle, 
for  glasses,  Q  changes  only  by  10-20  %  during  conversion  from  the  first  into  the  second  harmonic  of  the  Nd  laser  .  A 
proper  TGG  crystal  does  not  have  absorption  resonances  near  these  wavelengths.  Though  it  is  possible  that  the  highly 
absorbing  mixtures  have.  Maybe  that  is  the  reason  for  a  small  spread  in  values  of  Qa  for  crystal  No  7  measured  at  different 
wavelengths.  At  the  same  time,  this  spread  is  insignificant  and  is  comparable  with  the  experimental  error  10-20%. 

Let  us  now  discuss  the  dependence  of  the  depolarization  on  crystal  orientation.  First  of  all,  it  should  be  underlined  that  all 
results  we  obtained  are  valid  not  only  for  a  CW  but  also  for  a  pulse  repetitive  laser,  provided  a  change  in  the  temperature 
gradient  during  one  pulse  is  small  in  comparison  with  its  average  value.  Although  we  did  not  study  in  experiment  the  whole 
range  of  angles  a,  (3  and  0,  the  good  agreement  between  theory  and  experiment  (Fig.  7,8)  proves  that  the  predictions  of  the 
theory  used  are  quite  correct.  Analysis  of  expressions  (16),  taking  into  account  data  of  Tabl.  1,  shows  that  in  case  of  a 
uniform  intensity  distribution  the  depolarization  is  independent  of  R.  At  a  Gaussian  distribution  there  is  such  dependence, 
though  it  is  not  very  strong  and  does  not  lead  to  any  qualitative  changes.  When  R  is  varied  from  5  to  1 5  (corresponding  to 
intensities  at  the  boundary  of  the  optical  element  /(Ro)//(0)  from  7x10-'  to  3x1  O'")  yo.R  changes  by  no  more  than  40%,  and 
for  the  [001]  and  [1 11]  orientations  the  depolarization  does  not  depend  on  F,M,N  at  all.  Therefore,  taking  into  account  the 
data  presented  in  Tabl.l,  the  dependence  on  R  can  be  neglected. 

As  it  follows  from  expressions  (11,16),  to  compare  different  orientations  with  regard  to  minimum  depolarization  at  high 
average  powers  in  the  traditional  design  and  the  design  with  QR,  it  is  enough  to  know  only  the  parameter  which  we 
consider  to  be  equal  to  2.2.  The  dependences  of  minimum  depolarization  on  angles  a,  P  for  this  value  of  ^  in  the  traditional 
FI  design  are  shown  in  Fig.  9a.  The  plots  are  built  for  a  Gaussian  beam  by  formula  (16)  at  p=l  and  R=5.  Since  y  is 
proportronal  to  at  any  orientation,  the  value  of  p  is  chosen  arbitrarily.  The  figure  shows  that  the  [001]  orientation  (P=0)  is 
the  best,  and  the  [111]  orientation  (a=45°,  p=54.8'’)  is  the  worst.  The  difference  in  depolarization  in  these  two  cases  is 
(l+2^)^/9=3.2 


a ,  degree 


a ,  degree 


Fi°  9  Dependence  of  depolarization  at  R=5,  ^=2.2,  p=\  in  the  traditional  design  (a)  and  the  design  with  QR  (b)  at  p-0“  (1), 
"  p=22.5“  (2),  p=45'’  (3),  P=54.8”  (4),  p=67.5“  (5),  P=90“  (6). 
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The  situation  is  different  in  principle  for  the  FI  design  with  QR.  Figure  9b  shows  the  dependences  of  depolarization  on 
angles  a,  P  plotted  by  formula  (1 1)  for  a  Gaussian  beam  at p=\,  R=5,  ^=2.2.  It  is  seen  from  this  figure  that,  first,  the  design 
is  weakly  sensitive  to  crystal  orientation  -  the  difference  in  depolarization  ratios  with  the  optimal  [001]  orientation  and  with 
the  worst  orientation  is  less  than  30%.  The  values  of  depolarization  ratios  at  orientations  [001]  (p=0)  and  [111]  (a=45°, 
P=54.8°)  almost  coincide,  differing  by  only  1%.  At  the  [001]  orientation,  minimization  of  depolarization  requires  a  fine 
mutual  alignment  of  magneto-optical  elements  with  respect  to  a  horizontal  angle  (crystallographic  axes  of  two  elements 
must  be  parallel  to  each  other  '  ).  The  [1 1 1]  orientation  is  free  of  this  disadvantage.  Thus  for  the  design  with  QR  most 

preferable  from  a  practical  point  of  view  is  the  [1 1 1]  orientation. 

It  is  seen  from  expressions  (11,16)  that  Yr  is  proportional  to  p* ,  whereas  yomin  is  proportional  p^  at  any  a,  p,  F,  H,  K,  M,  N. 
This  speaks  for  effective  compensation  of  depolarization  in  the  design  with  QR  at  any  crystal  orientation  and  at  any  beam 
shape,  if  p«l.  Moreover,  even  if  p  is  on  the  order  of  unity,  Yr  is  also  much  less  than  Yomin,  as  seen  from  Figs.  9a  and  9b. 

Based  on  the  theoretical  and  experimental  results  presented  herein  we  evaluate  the  isolation  ratio  in  the  both  FI  designs  at  a 
high  average  power.  Let  us  assume  L/^=3xl0‘'  and  ^=2.2.  Table  2  presents  values  of  isolation  ratio  for  each  crystal  we 
studied  at  a  power  of  300  W  in  the  both  FI  designs.  If  we  take  for  ^Oothe  minimal  value  of  the  ten  crystals  2.5xlO’’K'‘m'’, 
and  consider  that  the  TGG  crystal  has  the  [001]  orientation,  then  at  power  1  kW  we  obtain  from  expression  (16)  the 
isolation  ratio  (Yomin) '  =  18  dB  for  the  traditional  FI  design  and  from  expression  (11)  (yr)"'  =  39  dB  for  the  design  with  QR. 
Note  that  when  the  power  or  the  value  of  Qoq  are  increased  by  3  times,  these  formulas  give  values  9  dB  and  20  dB, 
respectively.  At  such  large  values  of  depolarization  the  condition  of  small  birefringence  5i  «1  is  already  violated,  leading 
to  even  greater  difference  between  the  traditional  design  and  the  design  with  QR  '®. 

In  conclusion,  we  summarize  the  main  results  obtained  in  our  study. 

1 .  For  an  arbitrary  orientation  of  a  cubic  crystal  we  obtained  analytical  expressions  for  self-induced  depolarization  in  the 
traditional  FI  design  and  the  design  with  QR  and  also  for  self-induced  depolarization  without  any  magnetic  field.  For 
all  three  cases  it  is  shown  that  at  a  given  beam  shape  the  depolarization  is  determined  only  by  the  parameters  ^  and  p  at  any 
orientation.  For  comparison  of  different  orientations  it  is  enough  to  know  only  the  parameter 

2.  It  is  shown  that  for  the  traditional  FI  design,  and  for  the  case  when  the  magnetic  field  is  absent,  the  [001]  orientation  is 
the  best  and  the  [111]  orientation  is  the  worst.  Depolarization  at  the  [1 1 1]  orientation  is  higher  by  a  factor  of  (l+2^)^/9. 

3.  It  is  shown  that  in  the  FI  design  with  QR  based  on  TGG  crystals  the  depolarization  is  minimal  at  orientations  [001]  and 
[111].  The  [111]  orientation  is  more  preferable  in  this  case,  because  it  does  not  require  alignment  of  crystals  with  respect  to 
a  horizontal  angle. 

4.  For  a  TGG  crystal  the  value  of  ^=2.2±0.2  was  measured  experimentally.  For  10  TGG  crystal  samples  the  values  of  Qqlo 
were  measured  (the  results  are  summarized  in  Tabl,  2). 

5.  The  FI  design  with  QR  based  on  commercially  available  TGG  crystals  allows  the  creation  of  FI  with  isolation  ratio  more 
than  35  dB  at  power  IkW. 
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ABSTRACT 

Theoretical  analysis  of  spectral  properties  of  volume  phase  gratings  with  high-reflective  boundaries  has  been  carried 
out  for  both  transmission  and  reflection  gratings.  High  Fresnel  reflection  at  grating  boundaries  was  shown  can 
result  in  radical  changing  diffraction  properties  and  significant  increasing  spectral  selectivity  in  comparison  to 
well-known  Bragg  selectivity.  Structures  considered  can  be  of  interest  in  developing  demultiplexers  for  WDM 
optical  networks,  selective  absorbers  of  laser  power  and  other  photonics  devices. 

Keywords:  volume  phase  gratings,  spectral  selectivity. 

1.  INTRODUCTION 


Spectral  properties  of  volume  phase  gratings  (VPG)  are  well  known  for  the  case  when  Fresnel  reflection  at 
grating  boundaries  is  negligibly  low'.  In  this  case,  physical  mechanism  of  spectral  selectivity  (  SS  )  is  determined 
by  detuning  kinematics  Bragg  condition  .  Detuning  Bragg  resonance  results  in  phase  mismatch  of  waves  reflected 
from  different  “planes”  of  a  grating.  As  a  result  of  destructive  interference,  diffraction  efficiency  (  DE  )  becomes 
equal  to  zero  at  some  value  of  light  frequency  ©  min  near  resonant  frequency  ©o  >  at  which  Bragg  condition  is 
strictly  fulfilled.  The  results  of  theory'  of  coupled  waves  make  it  possible  to  show  that  for  gratings  of  rather  high 
Bragg  DE  |  ©o- ©  min  I  /  ®  o  =  1/N,  where  N  is  the  number  of  grating  periods  crossed  by  a  ray  of  primary  wave  at 
Bragg  incidence. 

The  present  work  deals  with  results  of  theoretical  analysis  of  other  limit  case  when  Fresnel  reflection  at  one  or 
both  of  grating  boundaries  is  high,  including  total  reflection.  As  it  will  be  shovra,  diffraction  properties  of  VPG  can  be 
radically  changed  in  this  case.  Specifically,  the  additional  mechanism  of  SS  springs  up  due  to  multiwave  interference 
of  waves  repeatedly  reflected  from  the  boundaries  of  transmission  grating.  The  spectral  width  of  resonant  peak  of  DE 
becomes  depending  on  Fresnel  coefficients  and  transverse  optica!  path  of  light  wave.  With  proper  conditions,  it  results 
in  significant  increasing  SS  of  transmission  gratings  in  comparison  to  Bragg  selectivity.  Reflection  grating  attains  also 
qualitatively  new  spectral  properties  when  Fresnel  reflection  is  high  at  back  boundary  of  a  grating.  Some  of  recently 
published  results^  for  reflection  gratings  have  been  shortly  considered  here  for  illustration  of  deep  influence  of 
boundary  effects  on  spectral  properties  of  VPG. 

2.  STATING  THE  PROBLEM  AND  THE  PROCEDURE  OF  SOLVING 

The  schemes  of  diffraction  are  shown  in  fig.  1,  where  I  -  incident  plane  monochromatic  wave  of  TE-polarization,  Rm 
and  Tm  -  diffracted  waves  of  m-th  order  in  reflected  and  transmitted  light  respectively,  0oi  and  0o2  -  Bragg  angles 
for  frequency  ©0  in  media  1,2  with  refraction  indices  ni,  n2  (  the  latter  is  average  value  ).  Modulation  of  refraction 
index  n2  was  supposed  to  be  sinusoidal  with  modulation  amplitude  An«n2,  grating  “planes”  being  non-slanting  in 
respect  of  planes  of  grating  boundaries.  The  modified  method  of  coupled  waves,  taking  into  account  slight 
absorption  inside  a  grating  ,  was  used  in  analysis  of  reflection  gratings.  Details  of  the  theory  have  been  recently 
reported^.  In  the  case  of  transmission  gratings,  the  known  method  of  characteristic  modes^  was  used.  In  both  cases, 
theoretical  analysis  was  carried  out  in  two-wave  approximation  supposing  known  limitations'*  on  parameters  of 
gratings. 


Laser  Optics  2000:  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
Leonid  N.  Soms,  Vladimir  E.  Sherstobitov,  Editors,  Proceedings  of  SPIE  Vol.  4353  (2001) 
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Fig.  1.  The  schemes  of  diffraction. 

a)  non-absorptive  reflection  grating  with  TIR  at  back  boundary  (ns  ^rii^ns'i  b)  normal  incidence  on  slight  — 
absorptive  reflection  grating  (  n  i  =  n  2  )  witli  high-reflective  medium  3  c)  Bragg  incidence  on  modulated 
TIR-resonator  (  n  1  >  n  2  >n3)  d)  normal  incidence  on  modulated  waveguide  (  n2>  iii,  its). 

Strength  of  electric  field  inside  a  transmission  grating  was  presented  as  following: 

E  2  (  X.  Z  )  =  2][Pn  B  n  (  Z  )  e.\p(  -j  C  n  X  )  +  Q  n  B  n  (  Z  )  exp  (j  C  „  X  )  J  (1) 

n 

where  B  „  (z  )  =  exp(  j(3z)<I>n(z)  -  Bloch  function  for  n-th  root  £  „  of  dispersion  equation,  Onf  z  )  -  periodic  with 
grating  period  A  function,  P  =  k  n  i  sin  0oi  ,  k  =  cd/c,  c  -  light  velocity,  3.  -  operating  wavelength,  and  Qn 
amplitudes  to  be  found.  Strengtli  of  electric  fields  in  media  1,3  was  described  in  a  standard  way: 

E,  (  X,  z )  =  Eoi  exp(  -  j  p  X )  exp(  j  P  z )  +  ^  t  j  ^  ^  ^  ■’  ^  ^ 

f7J=0,-l 

Ej  (  X,  z )  =  T,„  e.\p(- j  k  N„  x  )  exp(  j  k  N,„  z)  ]  (3) 

m=0.-l 

where  Eoj  — tlie  amplitude  of  incident  wave,  p=k  ni  cos9oi ,  N,n=  ni  sin  9oi  +  m  k/A  ,  N  ~[  n  p  -  (N  ]  ",  p-l,J  -  the 
number  of  medium,  ni  =  0,-1  —  tlie  order  of  diffraction,  R,n  and  T,„  —  amplitudes  to  be  found  and  time  dependence  cxp(- 
jwt)  is  omitted.  Amplitudes  sought  were  found  by  anahtic  solving  the  system  of  equations  following  the  rigorous 
boundary  conditions  of  electrodynamics.  It  should  be  noted  that  the  expression  (1)  is  applicable  for  oblique  incidence 
geometry  shown  in  fig.lc.  In  this  case  the  roots  of  dispersion  equation  are  equal  to 

(c  1,2 )-  =  k- 112^  -  ( K/2  )"  { 1  +  X'  ±  [  4x"  +  5-]’'^}  (4) 

where  x  =  frequency  offset,  5  =  k'Ae  /  [  2  (K/2)'] ,  Ac  =  2  ns  An,  K=2  rr/A  . 
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When  primaiy  wave  I  is  incident  along  the  normal  to  grating  boundary  (fig l.d),  it  is  necessary  to  use  three- 
wave  approximation  because  diffracted  waves  propagate  on  the  left  of  the  normal  as  well  as  on  the  right.  Indeed, 
calculations  have  shown  that  dispersion  equation  has  in  this  case  three  roots.  One  of  tliem,  ^  i  ,  was  close  to  k  n2  . 
Another  root,  ^  2 ,  was  close  to  ^  f  =  [  n2^  -  and  the  third  root  1 3  was  equal  to  ^  f .  The  root  1 3  corresponds 

formally  to  x-projection  of  the  wave  vector  of  a  wave  ,  diffracted  by  non-homogeneous  boundary  but  propagated  in 
homogeneous  medium  2  .  It  is  not  the  case  under  consideration  .  Formal  making  use  of  the  root  ^  3  resulted  in  zero 
amplitudes  P3 ,  Q3.  Because  of  this,  only  ^1,^2  were  used  in  the  present  work.  Due  to  symmetry  of  diffraction  ,  the 
root  ^2  was  used  in  describing  fields  of  both  the  right  wave  A  and  the  left  wave  B  ( fig.ld ). 

3.  RESULTS 


a)  Reflection  gratings 

Two  cases  are  of  the  most  interest  when  a  grating  is 
reflective.  One  of  them  is  inclined  Bragg  incidence  on 
a  grating,  internal  Bragg  angle  of  which  is  more  than 
critical  angle  623  of  total  internal  reflection  (TIR  )  at 
back  boundary,  contacting  to  transparent  mediiun  3 
(fig  1.  a).  Another  is  nonnal  incidence  on  a  grating,  back 
boundary  of  which  contacts  to  high-  reflective  medium  3 
(  fi.,metal )  (fig.lb  ).  It  was  supposed  in  both  cases  that 
n]  =  n2 ,  i.e.  601  =  602 .  It  follows  energy  conservation  law 
that  non-absorptive  grating  loses  totally  its  spectral 
selectivity  (curve  1  in  fig.2  )  in  the  limit  case  pb=l(rb= 
p  b  exp(  j  cp  b )  -  amplitude  coefficient  of  reflection  at  back 
boundary).  However,  it  has  been  found  earher^'®  that 
strong  resonant  effect  takes  place  in  these  conditions. 

Tliis  effect  manifests  itself  in  resonant  amplification  of 

light  field  inside  the  grating.  Tire  structure  as  a  whole 
acts  as  hybrid  Fabry-Perot  resonator  in  which  functions  of 
mirrors  are  fulfilled  by  the  grating  (distributed  mirror) 
and  back  boundary  (lumped  mirror).  Due  to  tliis  effect 
tire  sfructure  becomes  very  sensitive  to  absorption  and 
deep  (  up  to  zero  )  minimum  can  arise  (curve  2  in  fig.2) 

inside  usual  Bragg  peak  ( curve  3  in  fig.2  ).  The  spectral  width  of  the  minimum,  depending  on  absorption 
index  k  2  and  intrinsic  DE  of  five  grating ,  can  be  many  times  less  tlian  that  of  central  Bragg  peak  of  non- 
absorptive  reflection  grating  with  non-reflective  boundaries. 

b)  Non-absorptive  transmission  gratings:  inclined  incidence 

When  the  back  boundary  of  a  grating  has  higli  Fresnel  reflection,  diffracted  waves  in  reflected  light  are  of  interest. 
If  Fresnel  reflection  at  front  boundary  is  negligibly  low,  diffraction  properties  in  reflected  light  are  similar  to  that  of  a 
grating  of  doubled  depth’’  However,  new  properties  have  been  revealed  in  the  present  work  in  the  case  of  high 
reflection  at  both  of  grating  boundiuies.  This  case  takes  place  at  structures  shown  in  fig.lc  where  ni  >  02  >  n3 , 
0,3  <001  <012  (  013,  012  -  critical  angles  of  TIR  for  medium l/medium3.  medium l/medium2  interfaces  ).  Being  non- 
modulated,  this  structure  acts  as  resonant  cavity  of  Fabry-Perot  type  (  TIR  -  resonator  ® )  .  Reflection  coefficient  of 
such  a  structure  is  equal  to  1  independently  of  both  wavelength  and  incidence  angle  0,  if  the  latter  is  within  the 
range  0,3  ^0,2.  It  was  found  tliat  situation  changes  radically  in  the  case  of  modulated  structure.  Diffraction  efficiency 
of  Oth  order  at  Bragg  incidence  becomes  strongly  dependent  on  the  value  of  Bragg  angle.  It  is  due  to  leaking  light 
power  into  -T'  diffraction  order.  Diffraction  efficiency  of  -T'  order  depends  resonantly  on  the  value  of  Bragg 
angle  and  can  achieve  100%  even  if  tire  grating  depth  is  small  (  ~  2  pm ).  Peak  values  of  DE  were  shown  to  arise 
when 

2^i  h-2  (p23“’ =  (2m-t- 1  )tc,  (5) 


-O.D2  -0.01  0.00  0.01  0.02 

relative  offset 

Fig.2.  Spectral  dependence  of  amplitude  coefficient  of 
reflection  from  the  structure  shown  in  fig.lb. 

1-Pb  =1,  ka  =  0;  2-  p  b  =  1,  ka  =  0.0004;  5-  p  b  =  0,  k2=  0 
7-5:  na=  1.52,  An  =  0.02,  h  =  20  pm,  A<i  =  0.63  pm. 
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de_rl 


wavelength,  lun 


Fig.3.  Spectral  dependence  of  DE  order  in 

reflected  light  for  the  structure  shown  in  fig.  Ic. 
n2=1.51,  n3=1.0,  An=0.02,  h=2.5  pm,  002=81.94  deg. 
;-n,  =  2.0  2-ni  =  1.51 


where  i  =1,  2  ,  ^i-a  root  of  dispersion  equation,  2923®- 
phase  shift  in  reflection  of  i-th  partial  Bloch  wave  from 
medium2/medium3  interface.  It  follows  results®  that  the 
expression  (5)  can  be  considered  as  the  condition  of 
exiting  modes  of  TIR-resonator  by  partial  Bloch  waves. 
Due  to  this  effect,  the  spectral  dependence  of  DE  at 
Bragg  incidence  acquires  more  resonant  character  in 
comparison  to  usual  spectral  dependence  (  fig.3)  .  Spectral 
selectivity  was  found  to  depend  on  the  number  of  exited 
mode  and  to  be  the  most  strong  for  the  lowest  modes. 
It  is  due  to  increasing  Q-factor  because  of  increasing 
reflectance  at  front  boundary  of  a  grating.  Fig.3  shows 
that  full  spectral  half-width  of  DE  peaks  can  achieve  ~  0.2 
nm  at  operating  wavelengths  ~  630  nm,  grating  depth  2.5  pm. 


c)  Non-absorptive  transmission  gratings:  normal  incidence 

It  was  supposed  in  this  case  that  refraction  indices  of  media  1..3(fig.ld)  satisfy  to  inequalities  n2>ni,  n3j.e. 
the  structure,  being  non  -  modulated,  is  a  usual  planar  waveguide.  Grating  periods  were  chosen  in  such  a  way  so 
that  diffracted  waves  of  ±1^  orders  were  evanescent  in  media  1,3  but  diffracted  waves  could  exist  in  the 
medium  2.  If  n3  >  ni  ,  such  a  situation  is  realized  when  k  ns  <  K  <  k  n2 .  From  physical  point  of  view,  there  are 
two  sources  of  diffracted  waves  inside  the  grating:  boundary  diffraction  due  to  periodicity  of  Fresnel  coefficients  of 
transmission  at  front  boundary'®  and  scattering  by  volume  non-homogeneity  of  medium  2.  Both  of  this  effects 
result  in  arising  partial  Bloch  waves  A,B(frg.ld)  with  x-projection  ^zof  quasi-waye  vectors  (see  sec.2  ).  Because  of 
TIR  of  these  waves  at  both  of  grating  boundaries  ,  a  mode  of  modulated  waveguide  can  be  exited  when 


2^2h==2(p2/^’  +  2(p23^^’  +  2m7t,  (6) 

where  2  ipzi®  ,  2  9  23^^^  -  phase  shifts  in  reflection  of 
partial  wave.  It  should  be  noted  that  reflection  of 
partial  wave  at  grating  boundaries  is  not  TIR  in  the 
strict  sense.  It  is  frustrated  by  reversed  boundary 
diffraction  that  results  in  leaking  a  mode  into  media 
1,3.  Reversed  diffracted  waves  propagate  along  the 
normal  to  grating  boundary,  so  amplitudes  of  waves 
Ro ,  To  can  be  greatly  different  from  ones  expected  in 
the  case  of  non-modulated  layer.  Indeed,  the  dependence 
of  energetic  coefficients  Ro  ,  To  on  grating  period  was 
found  to  have  resonant  character  with  Ro=l,To=0 
at  some  values  depending  on  modulation  amplitude 
An.  Formal  angle  of  boundary  diffraction  of  primary 
wave  I  into  media  2  for  periods  Am  was  near  to  the 
angle  of  incidence  of  zigzag  wave  for  a  guided  mode  of 
non-modulated  waveguide.  Resonant  character  of 
diffraction  process  described  resulted  in  very  high 
spectral  selectivity  when  grating  period  was  chosen 
equal  to  A„  (fig.4 ).  Full  half-width  of  spectral  peaks 


da _ rO 


wavelength,  (im 

Fig.4.  Spectral  dependence  of  DE  of  0-th  order  in  reflec¬ 
ted  light  for  the  modulated  waveguide  shown  in  fig. Id. 

ni=1.0,  n  2=1.51,  n  3=1.45,  h=1.0  pm 
/  -  An  =  0.02,  A=0.422427  pm;  2  -  An  =  0.04,  A=0.422641  pm 

was  dependent  on  modulation  amplitude  An  and  could 
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achieve  ~  0.001  nm  for  operating  wavelengths  ~  630  nm  in  spite  of  very  small  grating  depths  (  ~  1  pm  ).  Results 
obtained  are  very  close  to  that  obtained  earlier  on  the  basis  of  rigorous  theory  of  coupled  waves  "  .  It  should  be 
also  noted  that  effect  of  resonant  increasing  Ro  up  to  1  is  similar  to  that  revealed  for  planar  waveguides  with 
sinusoidal  corrugated  boundary 


4.  CONCLUSION 

Results  considered  show  that  high  Fresnel  reflection  at  grating  boundaries  influences  to  a  great  extent  diffraction 
properties  of  both  transmission  and  reflection  gratings.  Due  to  different  physical  mechanisms,  boundary  effects  result  in 
significant  increasing  spectral  selectivity  in  comparison  to  usual  Bragg  selectivity.  The  highest  spectral  selectivity 
is  achieved  for  waveguide  transmission  gratings.  Structures  considered  can  be  of  interest  for  developing  a  number  of 
components  for  optoelectronics  (  broad-aperture  laser  mirrors,  selective  absorbers  of  laser  power,  demultiplexers  of 
WDM  optical  networks  etc.). 


5.  REFERENCES 

1.  H.  Kogelnik,  ’’Coupled  wave  theory  for  thick  hologram  gratings”.  Bell  Syst.  Tech.  J.,  48,pp.2909-2947,1969. 

2. Yu.  P.  Udoev,  ’’Spectral  properties  of  volume  phase  gratings  of  reflection  type  with  a  reflecting  boundary”,  Optika 
i  Spektroskopiya,  87,pp.  139-144,1999. 

3  R.  S.  Chu,  T.  Tamir,  “  Guided  wave  theory  of  light  diffraction  by  acoustics  microwaves”,  IEEE  Trans.  Microwave 
Theory  Tech.,  MTT-18,  pp.486-504, 1970. 

4.  M.  G.  Moharam,  L.  Young,  “  Criterion  for  Bragg  and  Raman-Nath  diffraction  regimes”,  Appl.  Opt.  17,  pp.l757- 
1759,1978. 

5.  D.  V.  Bernikov,  Yu.  P.  Udoev,  “Resonant  cavity  effect  in  light  diffraction  by  volume  reflection  grating”,  Optika 
i  Spectroskopiya,  81,  pp.1028-1032,1996. 

b.Yu.P.Udoev,  “Boundary  effects  in  light  diffraction  by  volume  gratings.  1. Phase  reflection  gratings”,  Optika  i 
Spectroskopiya,  84,  pp.  635-641,  1998. 

7.  H.  Kogelnik,  C.  V.  Shank,  T.  P.  Sosnowski,  A.  Dienes,  “Hologram  wavelength  selector  for  dye  lasers”,  Appl.Phys.Lett., 
16,pp.499-501,1970. 

8.  M.  S.  Soskin,  V.  B.  Taranenko,  “  Holographic  selector  of  total  internal  reflection  for  lasers  with  tuned  frequency  of 
generation”,  Kvantovaya  elektronika,  4,  pp.536-  544,  1977. 

9.  S.  F.  Kintero,  A.  D.  Gutenko,  Yu.  P.  Udoev,  “  Some  peculiarities  of  TIR-interference  of  light  in  thin  films”,  Optika  i 
Spectroskopiya,  pp.795-799,  1992. 

10.  J.  T.  Sheridan,  L.  Solimar,  “Boundary  diffraction  coefficients  for  calculating  spurious  beams  produced  by  volume 
gratings”.  Electron.  Lett.,  26,  pp.  1840- 184 1,1 990. 

11.  S.  S.  Wang,  R.  Magnusson,  J.  S.  Bagby,  M.  G.  Moharam,  “  Guided  mode  resonances  in  planar  dielectric-layer 
diffraction  gratings”,  JOSA,  7A,  pp.1470-1474,1990. 

12. G.  A.  Golubenko,  A.  S.  Svakhin,  V.  A.  Sychugov,  A.  T.  Titshenko,  “  Total  reflection  of  light  reflected  from  corrugated 
surface  of  dielectric  waveguide”,  Kvantovaya  Electronika,  12,  pp.1334-1336,  1985. 


Proc.  SPIE  Vol.  4353 


45 


Optimization  of  the  structure  parameters  of  the 
high-efficiency  gratings  with  multilayer  dielectric 
coating  for  laser  pulse  compression. 

V.D. Vinokurova  R.R.Gerke  '’j  E.G.Sall  ^ 

Inst.  For  Laser  Phys.  Vavilov  State  Optical  Institut  Russia 


ABSTRACT 

Optimization  of  the  grating  structure  parameters  at  the  working  wavelength  1.06  p  is  made 
on  the  basis  of  the  calculation  method  for  the  diffraction  gratings  with  nonequidistant 
coatings.  The  comparison  of  the  experimental  and  calculation  data  has  revealed  the 
considerable  smoothing  of  an  initial  grating  relief  by  evaporation  of  multi-layered 
coating.  On  the  basis  of  theoretical  estimations  the  untraditional  area  of  optimum  layer 
thickness  is  suggested.  The  theoretical  diffraction  efficiency  for  this  area  at  real  relief 
smoothing  is  96%. 

Keywords:  diffraction  gratings,  multilayer  dielectric  coatings 


1.  INTRODUCTION 

The  work  is  devoted  to  research  and  optimization  of  the  diffraction  properties  of 
holographic  gratings  with  multiplayer  dielectric  coating.  It  is  known,  that  diffraction 
efficiency  and  the  radiation  tolerance  of  diffraction  gratings  with  multiplayer  dielectric 
coating  strongly  depends  on  quantity,  thickness  and  profile  shape  of  coatings.  The 
increase  of  attention  recently  to  such  elements  *'''  is  explained  to  that  they,  as  follows 
from  accounts,  at  the  certain  parameters  of  structure  of  a  coating  have  high  diffraction 
efficiency  DE  in  the  autocollimation  regime  (DE~1).  This  work  is  about  real  possibilities 
of  making  of  such  diffraction  elements  with  high  DE. 


2.  FORMULATION  OF  THE  PROBLEM 

Hopeful  theoretical  results  are  received  for  gratings  with  the  equidistant  coatings,  that 
is  when  the  structures  of  borders  between  dielectric  layers  turn  out  by  parallel  carry  of  a 
grating  profile  lengthways  the  normal  to  its  plane.  However  is  real  by  evaporation  of 
coating  probably  smoothing  of  a  relief  of  a  boundaries  (fig.  1).  On  the  fig.  1  D  -  period  of 
a  grating,  £,  -  permittivity,  T,  -  boundaries  profile  between  regions  with  different  i  , 
Pm  -  depth  of  a  metal  grating,  h.  -  depth  of  a  profile  Ti,  di  -  distance  between  T,  and  Tj+i 
in  a  maximum  of  a  profile.  Such  smoothing  at  rather  small  number  of  layers  in  a  covering 
can  make  worse  diffraction  property  of  such  elements.  The  necessary  tool  of  research  of 
such  situation  is  our  method  ^  allowing  to  calculate  a  diffraction  field  of  a  grating  with 
nonequidistant  coatings,  in  which  the  boundaries  profiles  have  various  depth. 
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Fig.1.  Model  of  the  diffraction  grating 
with  the  multilayer  coating 

Ei=S3=1.95^,  G2=«4=1.45^ 


We  consider  the  two-dimensional  problem  of  diffraction  of  a  plane  H-polarized 
electromagnetic  wave  of  the  unit  amplitude  in  the  XZ-plane  incident  at  an  angle  of  0  on 
a  metal  diffraction  grating  with  a  multilayer  dielectric  coating  (fig.l).  The  magnetic  field 
strength  vector  of  the  incident  wave  has  the  form 

H  '  =  exp  {ip  +  />oo  2)jy  (1) 

were  PQ—Sva.dDI^,  Zoo  ~  ~  P^  ’  =  1 ,  X  is  the  wavelength  and  is 

the  unit  vector  along  the  OY-axis.  A  scalar  factor  of  the  required  field  H j  should  satisfy 
the  Helmholtz  equation  in  all  regions  of  the  system 

(A  +  */)ff,=0,  (2) 

where  -  E j{p ! ,  j  being  the  region  number.  At  the  boundaries  Fj  between  regions 

with  different  j,  the  continuity  conditions  should  be  satisfied  for  the  magnetic  field  and 
tangential  components  of  the  electric  field. 


3.  RESULTS  AND  DISCUSSIONS 

Fig.  2-3  show  the  results  of  calculation  of  a  1700  g/mm  diffraction  grating  with  two 
pairs  of  dielectric  layers  in  a  coating  for  two  value  of  depth  of  a  sinusoidal  metal  (golden) 
grating  :  hM/D=0.38  and  hM/D=0.3.  The  refractive  indexes  of  dielectric  layers  are 
ni=n3=1.95  and  n2=n4=1.45. 
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Fig. 2.  Diffraction  efficiency  at  different  smoothing 

for  h|y,/D=0.3  ,  d.,=d3=125  nm  ,  d2=d4=210nm 


2.  h.,=0.3h^,  h2=0.4h|y,,  h3=0.5h^,  h4=0.6h„ 

+  experiment 


Fig.  3.  Diffraction  efficiency  at  different  smoothing 

for  h|y/D=0.38  ,  d^=d2=155  nnn  ,  d2=d^=255  nm 

2.  h.,=0.3h|^,  h2=0.4h^^,  h3=0.5h^.  h4=0.6h|^ 

+  experiment 
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Curve  1  in  a  fig.  2,3  represent  theoretical  results  for  the  equidistant  coatings,  and  curves 
2  for  nonequidistant  coatings.  Thus  was  considered,  that  nonequidistant  structure  of 
dielectric  borders  is  determined  by  uniformity  of  growth  in  time  of  thickness  of  a 
dielectric  layer  during  evaporation  along  the  normal  to  boundary  of  the  previous  layer 
(fig.  1).  The  points  in  a  fig.  2,3  designate  the  data  of  experiment.  The  comparison 
theoretical  and  experimental  data  has  revealed  a  presence  smoothing  of  a  relief  of 
dielectric  layers  borders. 

In  view  of  it  the  numerical  study  of  dependence  DE  of  a  grating  on  working 
wavelength  X=1.06(j.  from  thickness  of  layers  was  made.  As  a  result  of  these  researches 
the  area  of  value  di  appreciablly  distinguished  from  traditional  ~U4  is  revealed  with 
high  value  DE~0.96.  At  change  of  thickness  of  coatings  di  within  the  limits  of  10  %  and 
change  of  depth  hi  over  a  wide  range,  DE  (fig.  4,5)  essentially  does  not  vary. 


Fig  4. Diffraction  efficiency  dependence  on  the 
layers  thickness  variation  for  the  new  area 
at  the  real  smoothing 

(  h„  /D  =  0.3  ) 


=0.3h|^,  h2-0.4h,y,, 


h4=0.6hM 


1.  d.|=d2=230  nm,  d2=d^=285  nm 

2.  d.|=d2=220  nm,  d2=d4=275  nm 
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Fig. 5.  Diffraction  efficiency  for  the  new  thickness 
area  d'|=d2=230  nm,  d3=d4=285  nm,  for  different 

smoothing 


(h„/D  =  0.3) 


1.  h.|-0.3h|^,  h2=0.4h|^,  hg-O.Shj^, 

2.  h.|=0.5h|^,  h2=0.6h|y|,  h2=0.7hy,  h^-0.7h|^ 


0.8  0.9  1  1.1 

X  ,  (iK 

Due  to  stability  DE  on  thickness  and  size  of  smoothing  of  a  coatings  relief  the  new  area  of 
thickness  of  dielectric  layers  makes  to  real  manufacturing  of  diffraction  elements  with 
high  DE. 
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ABSTRACT 

This  work  analyzes  the  influence  of  phase  distortions  caused  by  variable-reflectivity  multilayer  dielectric  mirrors  on  the 
spatial  and  energetic  characteristics  of  the  output  radiation  of  lasers  with  imstable  and  plane-parallel  resonators.  The  phase 
distortion  of  such  mirrors  has  been  considered  in  dependence  on  design  parameters  of  optical  coating.  Some  application 
peculiarities  of  soft-edge  mirrors  for  the  Cassegrain  and  Fabiy  -  Perot  resonators  of  lasers  are  discussed.  The  work 
represents  some  recommendations  for  the  mirror  design  that  ensures  the  optimal  output  laser  beam  characteristics. 

Keywords:  variable-reflectivity  multilayer  dielectric  mirror,  soft-edge  mirror,  unstable  laser  resonator,  plane-parallel  laser 
resonator 


1.  INTRODUCTION 

At  present  time,  an  application  of  variable  reflectivity  mirrors  (VRM)'  as  the  intracavity  elements  is  regarded  as  one  of  the 
most  effective  methods  of  the  control  over  laser  spatial  and  energetic  characteristics.  The  soft-edge  mirrors  installed  as 
output  reflectors  in  unstable  optical  resonators  (see,  for  example,  review^  and  references  therein)  prevent  from  the 
appearance  of  undesirable  diffraction  effects  at  the  output  aperture  edge  and  eliminate  a  loss  degeneracy  of  fundamental 
and  high-order  transverse  modes.  Although  the  replacement  of  the  standard  hard-edge  output  mirror  with  the  variable- 
reflectivity  mirror  in  the  stable  resonators^  and  the  resonators  close  to  the  stability  region'*  results  in  the  decrease  of  the 
power  output,  but  it  allows,  due  to  the  significant  transverse  mode  selection,  to  reduce  essentially  the  angular  divergence  of 
the  output  radiation  and  to  increase  the  beam  brightness  in  the  far-field.  The  positive  results  of  VRM  application  in  laser 
systems  became  possible  due  to  the  development  of  manufacturing  technique  using  the  vacuum  deposition  of  graded- 
thickness  multilayer  dielectric  coatings.  However  such  mirror  inevitably  adds  the  distortions  to  the  wavefront  of  the 
reflected  and  transmitted  radiation  due  to  the  thickness  gradient  of  the  dielectric  coating,  shaping  its  variable-surface 
reflectivity*.  In  a  number  of  cases  of  the  VRM  application  (in  particular,  for  unstable  resonators  with  a  small 
magnification  factor  and  for  resonators  on  the  boundaiy  of  stability)  the  given  circumstance  could  become  decisive  and 
result  not  in  the  expected  improvement,  but  in  the  deterioration  of  the  spatial-energetic  characteristics  of  the  output 
radiation®  ’.  Meanwhile,  the  problem  of  the  effect  of  the  intracavity  VRM  phase  response  (in  particular,  for  the  resonators 
on  the  boundary  of  stability)  on  the  integral  characteristics  of  the  output  laser  radiation  have  been  discussed  insufficiently. 

This  work  represents  the  numerical  analysis  for  the  formation  conditions  of  the  transverse  modes  in  the  unstable  and 
plane-parallel  laser  resonators  containing  VRM  as  the  output  reflector.  Basing  on  the  obtained  results,  the 
recommendations  for  the  application  of  soft-edge  mirrors  in  the  resonators  of  the  given  types  have  been  worked  out. 

2.  VRM  DESIGN  AND  PHASE  SHIFT  OF  REFLECTED  AND  TRANSMITTED  LIGHT  WAVE 

In  general  the  complex  reflectivity  coefficient  of  a  multilayer  dielectric  mirror  is  determined  by  the  shape  of  the  substrate 
surface  and  by  the  thickness  distribution  of  the  layers  composing  the  reffecting  coating.  The  total  reffectivity  depends  also 
on  the  refraction  indices  of  the  layers,  on  their  order  sequence  and  on  the  ratio  between  the  refraction  indices  of  the 
coating  layers  and  the  substrate  as  well.  Generally,  the  increase  of  tlie  number  of  graded-thickness  layers  in  a  dielectric 
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coating  results  in  the  increase  of  VRM  phase  distortions,  which  may  significantly  complicate  the  procedure  of  search  for 
the  optimal  mirror  design*. 

The  present  work  deals  with  the  variable  reflectivily  mirrors  of  the  three-component  design  (substrate  -  antireflective 
coating  -  reflecting  coating)  (Fig.  1).  In  the  previous  studies'’  ®  we  have  tested  such  mirrors  in  high-energy  pulsed  YAG:Nd 
laser  systems.  The  layers  with  a  high  refraction  index  relative  to  the  K8  glass  substrate  (n^  =  131)  were  made  of  the 
Zirconium  dioxide  ( n„  =  1.92 ),  while  those  with  a  low  refraction  index  were  made  of  the  Silicon  dioxide  ( n^  =  1.45 ).  The 
uniform  two-layer  coating  1.5H0.78L  was  used  as  antireflection  coating  of  the  substrate.  Generally  for  numerical 
experiments  the  mirrors  with  the  axially  symmetric  trapezoidal  and  exponential  thickness  profile  of  the  layers  of  the 
reflecting  coating  were  selected.  Quasi-trapezoidal  and  quasi-exponential  thickness  distributions  can  be  obtained,  for 
example,  by  the  vacuum  evaporation  of  medium  from  a  smalt  surface  source  on  the  rotating  substrate  through  the  round 
diaphragms  or  screens  disposed  between  the  evaporator  and  the  substrate  . 


Fig.  1.  Design  of  variable  reflectivity  mirror.  1  -  graded-thickness  layers,  2  -  antireflective  coating,  3  -  substrate. 

This  work  considers  the  application  peculiarities  of  the  output  mirrors,  the  reflectivity  distribution  of  which  is  shaped  by 
the  simultaneous  thickness  variation  of  all  layers  forming  the  reflecting  coating.  In  this  case  an  optical  thickness  of  each 
layer  njtj(r)  does  not  depend  on  its  order  number  j  and  is  determined  by  the  radial  coordinate  of  the  substrate  surface  r. 

— =  const ,  njtj(r)  =  d(r) .  (1) 

n,.,tj,,(r) 

Here  n^  is  the  refraction  index  of  the  j  layer  and  t/r)  is  the  function  of  the  thickness  distribution  across  the  substrate 
surface. 

The  multilayer  coatings  of  the  given  design  allow  varying  the  amplitude  -  phase  characteristics  of  laser  mirror  within  wide 
boundaries,  and  their  deposition  does  not  require  a  complicated  technological  equipment  . 

The  phase  shift  of  the  reflected  wave  AOp(r)  at  the  reflection  of  the  VRM  can  be  expressed  in  the  following  form; 

AO  (r)  =  Acp p  (r)  -  ^  [ Ah(r)  -H  Ae(r)] .  (2) 

A. 

Here  Acpp(r)  =  (Pp(r) -(Pp(0)  is  the  phase  shift  between  the  reflected  and  incident  wave  along  the  substrate  radius, 
Ah(r)  =  h(r)  -  h(0)  -  is  the  air  interspace  change  due  to  the  thickness  gradient  of  layers,  composing  the  dielectric  coating, 
Asfr)  -  is  the  variance  of  the  shape  of  the  substrate  from  the  plain,  passing  through  the  mirror  center  normally  to  the 
rotation  axis,  and  X  is  the  beam  wavelength. 
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Similarly  the  phase  shift  of  the  wave  transmitted  through  the  VRM,  A(I>^  (r)  ,is  given  by 


A<h,(r)  =  A(p,(r)-— [Ah(r)  +  {ns-l)As(r)],  (3) 

A. 

where  Aq)^(r)  =  (p^(r)-9^(0)  is  the  phase  shift  between  the  transmitted  and  incident  waves  along  the  substrate  radial 
coordinate,  while  iig  is  the  substrate  refractive  index. 

3.  INFLUENCE  OF  PHASE  RESPONSE  OF  VARIABLE  MIRROR  ON  SPATIAL 
CHARACTERISTICS  OF  OUTPUT  BEAM  FOR  LASER  WITH  UNSTABLE  RESONATOR 

The  unstable  resonators  are  traditionally  used  for  generation  of  single-mode  beams  in  powerftil  lasers  with  a  high  amplifier 
coefficient  of  the  active  medium  (e.g.  in  eximer  and  CO2  lasers)  and  in  those  with  large  cross-section  of  the  active  medium 
(e.g.  Nd:glass  lasers'^).  This  section  deals  with  the  Cassegrain  resonators  made  of  totally  reflecting  concave  rear  mirror 
and  an  output  convex  mirror  having  radially  variable  reflectivity.  Fox  and  Li'^  iterative  procedure  has  been  taken  as  a 
mathematical  model,  describing  the  formation  of  transverse  modes  in  laser  resonators.  The  mathematical  model  provided 
for  the  analysis  of  arbitrary  resonator  configurations  in  a  paraxial  approximation,  as  well  as  for  the  assessment  of  influence 
of  amplitude-phase  aberrations  of  intracavity  components  on  the  steady-state  transverse  distribution  of  the  complex  field 
amplitude  in  the  plane  of  the  output  resonator  aperture.  The  eigenfunctions  and  eigenvalues  of  the  integral  equation 
describing  the  laser  mode  formation  in  resonators  with  large  Fresnel  number  values  N  =  (a  -  aperture  range  of  the 

rod,  L  -  resonator  base,  "k  -  beam  wavelength)  were  calailated  in  terms  of  the  fast  Hankel-Gardner  transform^'*. 

At  the  first  stage  of  the  numerical  experiments,  multilayer  dielectric  mirrors  were  studied  with  the  radial  variation  of  the 
optical  thickness  of  the  gradient  layers  obeying  linear  nt(r)  =  (X./4)(l-r/w)  and  exponential 

n-t(r)  =  (;\,/4)exp[-(r/w)‘’]  laws.  (The  parameter  w  is  character  size  of  coating  area.)  The  degree  of  the  exponent  p 
varied  from  1.5  to  3.5  with  the  step  0.5.  Figure  2  demonstrates  the  phase  characteristics  of  the  model  mirrors. 


Fig.  2.  Phase  distortion  of  reflected  wave  caused  by  variable-thickness  dielectric  coating  of  output  mirror.  The  curves  were  calculated 
for  optical  coating  having  linear  dependence  of  optical  thickness  of  a  profiled  layer  (solid  line)  and  exponential  dependence  of  profiled 
layer  thickness  (dashed  lines)  on  the  parameter  p  from  1 .5  to  3.5  through  0.5. 
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Figure  3  represents  the  results  of  the  calculation  of  the  radial  steady-state  intensity  distribution  for  the  Cassegrain 
resonator  based  on  the  VRM.  The  beam  enters  the  resonator  output  mirror  (solid  lines)  that  is  composed  by  the  layers  with 
the  radial  variation  of  thickness  obeying  linear  law  and  passes  through  it.  The  numerical  calculations  are  earned  out  for 
the  Cassegrain  resonators  with  Fresnel  number  N  =  300  and  the  magnification  varying  from  1.2  to  2.  The  radius  of  the 
optical  coating  area  varied  depending  on  the  value  M.  The  output  mirror  design  and  the  dielectric  layer  parameters  were 
chosen  to  obtain  the  optimal  value  of  the  on-axis  mirror  reflectivity'^  It  is  shown  that  the  negative  influence  of  the  phase 
response  of  VRM  significantly  decreases  at  the  increase  of  M.  It  can  be  seen  that  the  presence  of  VRM  phase  distortion 
much  deteriorates  not  only  the  output,  but  also  the  intracavity  intensity  distribution.  The  increase  of  the  dip  depth  in  the 
central  zone  of  radial  intensity  distribution  at  the  reduction  of  M  we  explicate  with  the  effect  of  the  phase  response  at 
reflection  from  the  VRM,  which  near  the  resonator  axis  behaves  as  an  intracavity  axicon  (see  solid  curve  in  Fig.  2). 


Fig.  3.  Intracavity  (solid  lines)  and  output  (dashed  lines)  radial  steady-state  intensity  distribution  for  the  Cassegrain  resonator  with 
magnification  factors  M  =  1 .2,  1 .4,  and  2  based  on  the  VRM  with  linear  radial  distribution  of  optical  thickness  of  profiled  layers. 

In  Fig.  4  the  radial  intensity  distribution  for  various  values  of  magnification  factor  M  and  parameter  p  =  2.5  is  indicated. 
At  the  value  p  =  2.5  the  output  laser  intensity  distribution  is  closest  to  that  for  an  ideal  phase-aberration-free  Gaussian 
mirror.  Figure  2  shows,  that  at  2  <  p  <  2.5  the  reflectivity  phase  distortion  is  the  closest  to  a  parabolic  shape 

corresponding  to  spherical  part  of  wavefront. 

The  next  stage  of  the  numerical  experiments  dealt  with  the  influence  of  the  phase  response  of  the  21 -layer  dielectric  output 
soft-edge  mirror  on  the  spatial  characteristics  of  the  laser  beam  of  an  unstable  resonator.  The  reflectance  distribution 
variation  across  the  mirror  surface  is  formed  by  nineteen  variable  layers  of  the  trapezoidal  profile  covering  the 
antireflective  substrate.  A  high  number  of  local  extrema  of  the  radial  reflectance  distribution  (Fig.  5a)  as  well  the  large 
phase  distortions  by  the  reflection  and  transmission  (Fig.  5b)  are  caused  by  the  change  of  the  optical  thickness  in  all 
nineteen  layers  of  the  reflecting  coating  from  0.25  A,  to  zero  (X  being  the  beam  wavelength).  As  a  variable  parameters  were 
chosen  the  magnification  of  the  resonator  M  and  the  relative  value  of  the  edge  smoothing  zone  Aw/w  (w  is  the  radius  of 
mirror  zone,  where  the  layer  thickness  of  reflecting  coating  was  uniform,  and  Aw  is  the  size  of  the  aimular  zone,  where  the 
layer  thickness  decreases  from  its  maximal  value  0.25X  to  zero).  The  curves  in  Fig.  5  correspond  to  a  linear  variation  of 
optical  thickness  of  dielectric  layers  within  the  range  w  <  r  <  vv  +  Aw  . 
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Fig.  4.  Intracavity  (solid  lines)  and  output  (dashed  lines)  steady-state  radial  intensity  distribution  for  the  Cassegrain  resonator  with 
magnification  factors  M  =  1.2,  1.4,  and  2  based  on  the  VRM  with  exponential  (p  =  2.5)  radial  distribution  of  optical  thickness  of 
profiled  layers. 


Fig.  5.  Reflectance  (a)  and  phase  shift  (b)  of  smoothing-edge  model  mirror.  1  -  phase  distortion  of  reflected  wave,  2  -  phase  distortion  of 
transmitted  wave. 


Figure  6  represents  the  dependence  of  the  divergence  of  the  output  beam  at  0.83 -energy-level  Oo.ss  on  the  relative  size  of 
mirror  edge  smoothing  zone  Aw/w.  As  a  base  level  of  the  angular  divergence  we  use  the  divergence  Gdo.ss  of  the  “ideal” 
aberration-free  unstable  resonator  with  the  same  magnification  M.  The  growth  of  angular  divergence  starts  as  the 
parameter  Aw/w  approaches  to  0.05.  One  can  see  also,  that  the  divergence  of  the  ou^ut  beam  noticeably  increases  with  the 
increase  of  the  mirror  smoothing  zone  size  and  with  the  reduction  of  the  resonator  magnification. 
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Fig.  6.  Dependencies  of  normalized  angular  divergence  of  output  radiation  on  the  relative  size  of  the  edge  smoothing  zone  Aw/w  for 
magnification  factors  of  resonator  M  =  1 .5  (dashed  line),  2.2  (dotted  line),  and  3  (solid  line). 

4.  EFFECT  OF  AMPLITUDE  -  PHASE  RESPONSE  OF  OUTPUT  MIRROR  ON  CHARACTERISTICS 
OF  LASER  MODES  OF  PLANE-PARALLEL  RESONATOR 

In  this  section  the  base  objects  for  the  numerical  studies  were  Fabry  -  Perot  resonators,  the  output  mirrors  of  which 
consisted  of  three  components:  substrate  -  antireflecting  coating  -  reflecting  coating.  The  uniform  two-layer  coating 
1.5H0.78L  was  used  as  antireflection  coating  of  the  substrate.  The  reflecting  coating  is  created  by  three  layers  with 
radially-variable  thickness.  For  numerical  experiments  in  the  general  case  the  mirrors  were  selected  with  axially 
symmetric  trapezoidal  thickness  profile  of  layers  of  the  reflecting  coating.  The  ratio  of  diameter  of  area,  in  which  the 
thickness  of  the  variable  reflectivity  layers  was  uniform,  to  the  mirror  aperture  diameter  was  used  as  a  varied  parameter  rj. 
In  the  central  zone  of  the  mirror  the  optical  thickness  of  each  layer  equals  to  0.257,  (7,  is  the  beam  wavelength),  and  the 
corresponding  reflectivity  of  the  mirror  is  close  to  0.53.  As  the  optical  thickness  of  all  variable  layers  decreases  from  0.25 
up  to  0. 145  (in  the  rim  of  mirror),  the  reflectivity  of  the  edge  zone  smoothly  reduces  from  the  peak  value  down  to  zero.  As 
for  the  phase  characteristics  of  such  a  mirror,  according  to  our  previous  computations’,  the  plane  wave  after  the  reflection 
from  VRM  becomes  diverging.  As  it  has  been  shown  in  the  paper’,  this  phase  response  of  the  output  mirror  imparts  some 
unstable  features  to  the  usual  plane-parallel  resonator.  These  features  reveal  themselves,  in  particular,  in  the  growth  of 
resonator  aperture  filling  by  laser  modes  Therefore  one  can  expect  the  increase  of  the  extraction  efficiency  of  stored 
energy  by  the  fimdamental  laser  mode. 

The  numerical  analysis  of  two-mirror  plane-parallel  resonators  with  an  infinite  rear  mirror  and  the  output  soft-edge 
mirror,  the  structure  and  the  amplitude  -  phase  characteristics  of  which  were  described  in  the  previous  paragraph.  The 
analysis  was  made  basing  on  the  iterative  Fox  and  Li  procedure*".  The  resonator  Fresnel  number  N  =  a72XL  (where  a  is 
the  aperture  radius  of  the  output  mirror,  L  is  the  cavity  length  and  X  is  the  beam  wavelength)  was  changed  in  the  range 
from  0.5  up  to  10.  The  profile  parameter  ri  of  the  reflecting  coating  varied  from  0  up  to  1  with  the  step  0.1  due  to  the 
variation  of  diameter  of  area  where  the  gradient  layer  thickness  was  uniform.  The  effective  laser  mode  volume  was 
evaluated  by  the  filling  coefficient  of  the  resonator  output  aperture  with  its  radiation.  Such  an  evaluation  corresponds  to 
the  model  where  the  laser  rod  is  assumed  to  be  located  close  to  the  resonator  output  mirror,  its  diameter  -  to  coincide  with 
the  output  aperture  diameter,  and  its  length  -  to  be  negligible  in  comparison  with  the  spacing  between  mirrors. 
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Figure  7  shows  the  two-dimensional  dependence  of  the  filling  factor  of  the  output  aperture  with  the  fimdamental  laser 
mode  vs.  the  resonator  Fresnel  number  N  and  the  profile  parameter  of  the  reflecting  coating  of  the  output  mirror  t].  It  can 
be  seen  that  the  replacement  of  the  standard  output  mirror  with  the  uniform  reflectivily  (-p  =  1)  by  the  tapered-edge  mirror 
with  the  profile  parameter  ti  =  0  makes  it  possible  to  enhance  the  extraction  efficiency  of  the  energy  stored  in  the  active 
medium  up  to  15  -  70%.  It  should  be  noted  that  in  the  mentioned  range  of  N  the  effective  volume  of  the  fimdamental  mode 
of  the  resonator  with  such  a  mirror  remains  practically  invariable.  However  in  the  range  1  N  <  10  the  replacement  of  the 
standard  output  mirror  with  the  variable-reflectivity  mirror  with  t]  =  0  is  not  optimal  fi:om  the  viewpoint  of  the  stored 
energy  extraction  by  the  fundamental  laser  mode.  The  dependence  of  the  maximal  filling  value  on  the  Fresnel  number  N 
and  the  profile  parameter  p  for  the  plane-parallel  resonator  has  a  nontrivial  character:  within  the  range  1  ^  N  <  6  the 
largest  value  of  the  filling  factor  occurs  at  ti  =  0.3,  within  the  range  6<N<9-atTi  =  0.4,  while  in  case  of  9  S  N  <  10  -  at 
Ti  =  0.2.  At  the  increase  of  t|  from  0.4  up  to  0.6  -  0.7  in  the  range  1  <  N  <  10  the  fast  reduction  of  value  of  filling  factor  of 
resonator  aperture  by  the  fimdamental  laser  mode  can  be  observed,  but  at  further  growth  of  ti  it  becomes  practically  not 
depending  on  the  profile  of  the  output  mirror  reflecting  coating. 
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Fig.  7.  Dependence  of  the  filling  factor  of  the  output  aperture  with  the  fundamental  laser  mode  versus  the  resonator  Fresnel  number  N 
and  the  profile  parameter  of  the  reflecting  coating  of  the  output  mirror  p . 

The  existence  of  an  optimal  value  of  the  profile  parameter  ensuring  the  maximal  extraction  of  energy  stored  into  an  active 
medium  by  the  fimdamental  laser  mode  has  a  simple  meaning.  At  the  expansion  of  the  mirror-smoothing  zone,  the  area 
size,  in  which  its  phase  response  undergoes  noticeable  modifications,  also  increases.  The  optimum  is  achieved  at  the 
appropriate  relation  of  the  amplitude  -  phase  characteristics  of  the  output  mirror.  In  our  case  the  application  of  profile- 
optimized  output  mirror  could  yield  the  enhancement  of  the  extraction  efficiency  of  stored  energy  by  the  fundamental 
mode  of  the  plane-parallel  laser  resonator  at  least  twice. 
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5.  SUMMARY 


The  formation  of  the  fundamental  laser  mode  in  unstable  resonators  as  well  as  in  Fabry  -  Perot  resonators  with  an  output 
soft-edge  mirror  was  studied.  The  output  mirrors  were  regarded  having  a  complex  reflectivity  formed  by  the  simultaneous 
change  of  thickness  of  the  dielectric  coating.  It  was  shown  that  the  phase  response  could  have  significant  influence  on  the 
characteristics  of  laser  modes  being  formed  into  the  cavity.  The  most  important  result  of  this  work  was  in  determining  the 
appropriate  thickness  profiles  of  dielectric  layers  of  output  mirrors.  This,  firstly,  ensured  the  minimal  amplitude  -  phase 
distortions  of  output  beam  in  an  unstable  resonator  and,  secondly,  provided  the  enhancement  of  the  extraction  efficiency  of 
the  energy  stored  into  the  laser  medium  by  the  fundamental  mode  of  the  plane-parallel  resonator. 
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The  new  optical  effect  of  a  diffractive  multifocal  focussing  of  radiation,  predicted  by  the  theory,  on  a  bicomponent 
diffraction  system  with  small  Fresnel  numbers,  consisting  of  two  plane  screens  with  circular  apertures  on  a  given  optical 
axes,  is  confirmed  experimentally.  Is  shovra,  that  the  diffraction  picture  in  the  focal  planes  of  such  system  represents  the 
circular  nonlocal  bands  of  the  Fresnel  zones  with  a  bright  narrow  peak  at  the  center,  whose  intensity  in  the  experiment  can 
exceed  by  six  to  ten  times  the  value  of  the  incident  plane  wave  intensity.  Experimentally  is  established,  that  the  diffractive 
multifocal  focussing  of  a  radiation  on  a  real  screens  with  axial  circular  apertures,  whose  diameters  exceed  a  radiation 
wavelength,  is  insensitive  to  the  "rough"  external  conditions:  to  a  thickness  of  screens,  to  the  irregularities  of  edges  and  non¬ 
ideal  form  of  apertures,  to  a  heterogeneity  of  initial  distribution  of  an  incident  wave  intensity,  to  changes  in  the  medium  of 
the  wave  propagation. 

Keywords:  wave  diffraction,  diffractive  focussing  of  a  radiation,  bicomponent  diffracting  system. 


1.  INTRODUCTION 


The  researches  of  the  diffraction  phenomena  concern  to  the  most  complicated  in  the  optics  and  they  are  seldom  carried  out 
up  to  the  exact  solution  because  of  large  mathematical  difficulties.  Now,  the  exact  solution  is  known  only  for  the  several 
diffraction  problems,  that  testifies  to  an  incompleteness  of  the  investigations  in  this  field  and  keeps  a  huge  field  of  activity 
for  the  modem  physicist. 

For  the  last  years,  the  development  of  the  computer  techniques  and  numerical  methods  of  a  solution  of  the  diffraction 
problems  has  led  to  the  discovery  of  the  new  optical  effects  and  phenomena,  which  are  observed  when  a  plane  or  spherical 
wave  is  diffracted  even  by  the  simple  two-dimensional  screens  [1-6].  So,  for  example,  when  a  monochromatic  converging 
spherical  wave  is  diffracted  by  a  circular  aperture  the  point  of  maximum  intensity  in  the  diffracted  field  is  not  at  the 
geometric  focus  but  displaced  toward  the  aperture,  resulting  in  the  so-called  focal-shift  effect  [1-3].  In  [4]  has  been 
recognized  the  existence  of  a  certain  kind  of  a  rotational  symmetric  diffracting  screen  where  the  expected  focal-shift  effect 
can  be  accompanied  by  another  focal  switch  effect:  an  increase  in  the  height  on  ~  25%  of  the  lateral  lobe  of  the  axial- 
intensity  distribution  over  that  of  the  central  lobe. 


More  recently  another  new  optical  effect  on  a  rather  simple  diffracting  system  with  the  small  Fresnel  numbers  has  been 
detected  theoretically  [5,6].  Here,  has  been  shown,  that  if  in  a  diffracted  field,  formed  by  the  first  open  Fresnel  zone  from  a 
screen  with  a  hole,  the  next  parallel  plane  screen  is  located  with  an  axial  aperture  of  a  smaller  diameter  (see  Fig.  1),  then  in  a 
near  zone  of  the  second  screen  the  effect  of  a  diffractive  multifocal  focussing  of  a  radiation  (DMFR)  is  observed.  In  this 
case,  the  diffraction  picture  from  the  second 

screen  in  the  focal  planes  represents  the  circular  | 

nonlocal  bands  of  the  Fresnel  zones  with  a  bright 
narrow  peak  at  the  centre,  whose  intensity  can 
exceed  by  six  to  ten  times  the  value  of  the 
incident  wave  intensity.  The  detected  optical 
effect  is  observed  over  a  wide  range  of 
wavelengths  and  ratios  of  the  aperture  diameters, 
and  it  is  also  insensitive  to  changes  in  the 
medium  of  the  wave  propagation.  For  large 
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diameters  of  the  input  holes,  di  -  Id^  >  1002,  or 
for  wavelengths  in  the  radiofrequency  region  of 
the  spectrum,  such  bicomponent  diffracting 
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Fig.l.  Geometry  of  the  plane  wave  diffraction  problem  on  a  bicompon¬ 
ent  diffraction  system,  consisting  from  the  two  definitive  plane  screens 
with  axial  circular  apertures  of  diameters  @  and  d-i.  T  is  a  distance 
between  the  screens. 
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system  acts  like  a  long-focus  lens  with  a  high-intensity  Gassian  distribution  of  radiation,  at  times  exceeding  the  initial 
intensity,  persisting  at  large  distances  (z  =  1  to  100  cm)  from  the  diffraction  system. 

The  goal  of  this  research  is  the  experimental  check  the  theoretical  conclusion  about  a  possibility  of  DMFR  on  a 
bicomponent  diffracting  system.  The  DMFR  effect  can  have  fundamental  significance  both  for  optics  in  general  and  for 
quantum  mechanics  for  the  focussing  of  atomic  and  molecular  beams,  which,  as  is  known,  have  the  wave  properties.  The 
diffracting  system  based  on  two  definitive  plane  screens  with  axial  holes  allows  focusing  the  beams  without  using  classical 
refraction  elements  such  as  lenses  and  prisms.  Also,  such  system  has  a  number  of  advantages  above  elements  of  diffraction 
quasi-optics:  all  possible  zonal  plates,  film-forms,  refractors,  elements  of  computer  optics,  etc.  First  of  all,  the  system  is 
applicable  to  both  low-intensive  and  high-power  radiation  where  the  traditional  elements  of  diffraction  quasi-optics  are  not 
applicable.  Secondly,  it  is  simple  to  fabricate  and  does  not  require  the  development  of  special  phototechnologies  or 
computer  syntheses  of  diffracting  elements. 

The  above  advantages  open  a  wide  range  of  possible  applications  of  the  DMFR  effect  and  two-aperture  diffracting  system 
for  situations  where  it  is  required  effectively  to  introduce  or  to  extract  radiation.  Such  a  diffracting  system  can  be 
perspective  for  solving  the  next  laser  technology  problems:  efficiency  transmission  the  wide-aperture  semiconductor  laser 
beams  by  optical  fiber;  increasing  the  quality  of  the  saving  and  reading  of  information  on  the  optical  discs  in  the  computer 
optics;  perfection  of  the  opto-electronic  household  devices  such  as  laser  printers,  record-players,  plotters,  cash  registers  etc., 
improvement  of  the  therapeutic  radiators  and  laser  surgical  scalpels  in  the  laser  medicine;  and  so  on.  The  bicomponent 
diffracting  system  can  be  important,  also,  for  the  creation  of  quasi-point  light  sources  with  high  intensity  for  the  purpose  of 
high-resolution  microscopy,  since  it  enables  one  effectively  to  introduce  radiation  in  a  small  area  of  space  with  minimal 
power  losses.  Thus,  the  experimental  observation  of  the  DMFR  effect  will  be  important  for  both,  fundamental  and  applied 
investigations. 


2.  THEORY 

The  problem  of  diffraction  of  a  plane  electromagnetic  wave  on  two  parallel  opaque  screens  with  the  axial  apertures  of 
different  diameters  >  d2»  X  (see  Fig.  1)  has  been  solved  in  [5,6]  within  the  quasi-optical  approximation  for  indefinitely 
thin  ( X,  where  S  is  the  screen  thickness)  and  ideal  opaque  {cx^cr  ->  and  m^cr  «>>  where  ojcr  and  m^cr  are  the 
conductivity  and  refraction  index  of  the  screen)  screens.  Note  that  the  diffraction  at  the  second  aperture  is  not  of  the  Fresne 
type,  since  the  condition  r»X  requires  that  at  each  point  of  a  wavefront  set,  incident  on  the  second  hole,  the  curvature 
radius  should  be  large  compared  to  the  wavelength  X.  In  our  case,  the  wavefront  set,  incident  on  the  second  aperture, 
represents  a  diffraction  picture  with  a  narrow  peak  at  the  center  created  by  the  first  aperture  in  the  first  open  Fresnel  zone  at 
the  distance  z=L.  At  this  curvature,  the  radii  of  a  wavefront  set  at  the  second  hole  will  be  significantly  less  than  the  radius 
of  the  first  Fresnel  zone,  i.e.,  r<n«  VlI.  Here,  the  Babinet  principle  of  the  distribution  of  light  to  diffraction  on 
additional  screens  is  not  applies,  also,  because  in  our  case  the  holes  are  axial.  The  solution  of  the  problem  of  diffraction  of  a 
wave  on  two  plane  screens  with  axial  apertures  is  possible  on  the  basis  of  the  wave  equations: 


dE  I  d 

2ik„m - 1  ~ 

“  dz  r  dr 


=  0; 


(1) 


E{r,  2)L^„  =  E,R,{ry,  E{r,  z)l_^  =  E(r,  L)R,(r); 

E{r,  2)|^|_^„  =  Eir,  =  0;  E(r,  2)|„_  =  E{r,  2)|„^„  =  0. 

Here  Ri  -:(r)  are  the  passage  factors  for  the  screens  with  an  aperture.  Based  on  the  continuity  of  boundary  conditions  for  a 
wave  equation,  the  factors  Rj  2(r)  can  be  approximated  by  an  exponential  function  [5,6].  On  a  problem  condition  the 
distance  between  screens  L  is  equal  exactly  to  a  distance,  on  which  the  first  Fresnel  zone  for  a  specific  diameter  of  an  input 
aperture  d,  is  opened:  L  =  dj  /4A  .  Thus,  from  the  wave  equation  (1)  the  boundary  conditions  (2)  we  can  determine  the  wave 
intensity  distribution  in  a  diffraction  picture,  created  by  the  plane  screens  with  a  circular  apertures,  as 


l(r,z)  =  ~E\r,z)E{r,z) 
where  the  asterisk  means  complex  conjugation. 

The  solving  of  the  problem  posed  by  Eqs.  (l)-(3)  about  diffraction  of  an  electromagnetic  wave  on  two  screens  -  an  ideally 
thin  (5«  X)  and  an  ideally  opaque  (jn^cr  ->  <»)  screens  with  axial  circular  apertures  with  diameters  dy  >  ch,  has  been  led  to 
the  detection  in  [5,6]  of  a  new  optical  effect  DMFR.  Has  appeared,  that  the  the  diffraction  picture,  formed  by  a  such 
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diffracting  system,  in  the  focal  planes  represents  the  circular  nonlocal  bands  of  the  Fresnel  zones  with  a  bright  narrow  peak 
at  the  centre,  whose  intensity  can  exceed  by  six  to  ten  times  the  value  of  the  incident  wave  intensity. 


From  the  executed  accounts  [5,6]  follows  also,  that  the  DMFR  effect  is  observed  over  a  wide  range  of  wavelengths,  X  =  0.4 
to  10^  /zm,  and  ratios  of  the  aperture  diameters  >  Idi  =  25  to  1000  X.  For  large  diameters  of  the  input  holes,  d]  =  Idj  > 
100 X,  or  for  wavelengths  in  the  radioffequency  region  of  the  spectrum,  the  bicomponent  diffraction  system  acts  like  a  long- 
focus  lens  with  a  high-intensity  Gaussian  distribution  of  radiation,  at  times  exceeding  the  initial  intensity,  persisting  at  large 
distances  {z  =  I  to  100  cm)  from  the  diffraction  system. 

In  the  numerical  accounts  [5,6]  have  been  established  also,  that  the  detected  effect  is  insensitive  to  changes  in  the  medium 
of  the  wave  propagation.  For  the  model  mediums  were  considered  not  absorbing  (m  =  1)  and  the  homogeneously  absorbing 
and  scattering  gas-dispersed  medium.  The  statement  of  a  problem  of  wave  diffraction  on  a  bicomponent  diffractive  system 
in  an  aerosol  medium  is  similar  to  that  of  a  homogeneous  medium  (l)-(3),  but  with  a  complex  wavevector  k(m)  in  the 
wave  equation 


A 

k(rh)  =  km  =i 


27rNS{0) 
m  - 1 


(4) 


where  5(0)  =  amplitude  function  describing  the  scattering  of  an  electromagnetic  wave  by  a 

particle  with  a  scattering  angle  of  zero;  <2/  and  6/  are  the  Mie  coefficients  containing  the  characteristics  of  the  gas-disperse 
medium:  the  radius  Tq  and  concentration  N  of  particles;  m  is  the  relative  refractive  index  of  the  medium.  In  particular  has 
been  shown  [5,6],  that  the  qualitative  picture  of  the  diffracted  field  distribution  in  a  homogeneously  absorbing  and  scattering 
medium,  consisting  from  aluminum  aerosol  with  the  radius  of  ro  =  0.2  fm  and  concentration  of  =  1.3  x  lO’  cm'^,  did  not 
vary. 


3.  EXPERIMENTAL  SET-UP 

A  following  experiment  was  carried  out  to  confirm  the  existence  of  DMFR  effect  of  a  plane  electromagnetic  wave  on  a 
bicomponent  diffraction  system.  A  set-up  of  this  experiment  is  shown  in  Fig.2  (a).  The  radiation  of  a  HeNe  laser  1  has 
passed  through  the  beam  expander  2  with  a  space  filter  3,  and  then  it  has  fallen  on  a  testing  system  of  diafragms  4.  A  micro¬ 
objective  5  has  created  an  optical  image  of  diffraction  pattern  on  a  computer-aided  CCD-line  photodetector  6.  A  photodiode 
gauge  8  has  read  the  output  laser  beam  power  level. 

The  focussing  of  the  system  5  -  6  on  a  required  object  plane  in  the  diffraction  zone  of  a  testing  system  4  was  conducted  by  a 
displacement  of  a  bicomponent  system  along  a  main  optical  axes  of  an  expanded  and  collimated  light  beam. 

Let’s  adduce  some  paremeters,  characterising  the  components  of  measurement  system,  those  are  important,  in  our  opinion, 
in  the  interpretation  of  the  experimental  results. 

The  HeNe  laser  has  radiated  a  continious  beam  of  light  with  wavelength  of  0.630  fMn.  This  light  beam  has  represented  the 
one  fimdamental  Gaussian  mode.  After  the  expanding  the  beam  of  light  had  a  diameter  about  3  cm  (on  the  level  of  1/e^  from 
the  maximum  of  intensity)  and  it  has  hitted  on  a  bicomponent  diffraction  system.  The  image  of  a  part  of  collimated  beam, 
enlarged  by  the  microscope  objective  5,  is  shown  in  Fig.  2  (c).  Inhomogeneity  and  roughness  of  measured  collimated  beam 
intensity  profile  may  be  explaned  as  an  effect  of  an  incident  beam  interference  with  a  waves  reflected  from  a  CCD-line 
photosensitive  cells  surface  and  from  its  protective  glass. 

The  testing  diffraction  system  has  been  consisted  of  two  pinholes,  executed  from  aluminium  foil  with  a  thickness  S  i=20±4 
for  the  first  screen  and  <52=1014  fm  for  the  second  screen,  that  many  times  over  exceeds  a  wavelength  of  a  radiation.  In 
the  second  pinhole  an  aluminiimi  foil  has  been  placed  between  two  thin  glass  plane-parallel  plates.  The  diameters  of 
pinholes  in  the  experiment  have  made:  di=265±\0X,  dz=Z0±\0X.  Photos  of  these  pinholes  are  presented  in  Fig.2  (d)-(e),  on 
those  may  be  seen  the  unroiuidness  of  these  pinholes  and  roughness  of  its  edges. 

A  micro-objective  5  had  a  focal  length  of  16  mm.  A  linear  photosensitive  charge  couple  device  of  type  K 1200  CLl  [7]  was 
used  in  a  photodetector  device  6.  This  chip  has  been  consisted  of  1024  photosensitive  cells  arranged  into  line,  each  of  them 
had  a  length  of  15  /zm.  According  to  a  reference  data  [7],  sensitivity  of  a  chip  is  2.5  mV/lux  and  dynamic  range  on  voltage  is 
60  dB.  On  those  to  dates,  the  various  photosensitive  cells  of  a  chip  differ  from  each  other  on  sensitivity  up  to  8  %  and  on  the 
noise  level  up  to  4%.  In  a  Fig.  2(b)  the  dependence  of  a  CCD-photodetector  output  voltage  on  the  light  exposure  is  shown. 
The  curve  appropriates  to  one  of  photosensitive  cells  of  the  CCD-line.  This  dependence  was  obtained  in  [8]  at  the 
illumination  by  HeNe  laser  beam  with  a  wavelength  of  0.630  /zm.  It  is  most  typical  dependence  for  the  CCD  device,  used  in 
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(d)  (e) 

Fig.2.  Principle  of  (a)  experimental  set-up  for  the  detection  of  an  optical  DMFR  effect  ((1)  HeNe  laser,  (2)  beam  expander, 
(3)  space  filter,  (4)  investigated  system  of  diaphragmes,  (5)  microscope  objective,  (6)  CCD-line  photodetector,  (7) 
computer,  (8)  photodiode  gauge);  the  dependence  of  (b)  a  CCD-photodetector  output  voltage  on  light  exposure;  the  images 
of  (c)  collimated  beam  enlarged  by  microscope;  the  photos  of  (d)-(e)  investigated  pinholes. 
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this  work.  As  follows  from  the  graphic  the  non-linearity  of  the  CCD  photodetector  transfer  performance  has  made  of  the 
order  10%.  In  our  experiments  the  measurements  have  been  conducted  within  a  linear  part  of  this  dependence  up  to  2  V, 
limited  to  a  dashed  line  on  the  Fig  2(b). 

The  indications  of  signals,  obtained  in  each  point  of  scanning  from  both  of  the  photodetector  devices,  have  been  treated  on  a 
computer,  and  then  have  been  represented  as  a  two-dimensional  diffraction  wave  intensity  distribution.  The  values  of 
intensity  presented  here  on  graphics  had  been  divided  on  the  average  intensity  of  incident  wave.  The  registration  of 
diffracted  fields  was  carried  out  in  two  different  media:  for  non-  -  absorbing  (m  =  1)  gas  medium  and  for  homogeneous 
absorbing  gas-dispersed  medium.  The  cigarette  smoke  has  been  used  as  a  dispersed  medium,  containing  the  carbon  particles 
by  the  radius  ro~0.l  fjm  and  concentration  N  a  cm^. 

4.  RESULTS  AND  DISCUSSION 

The  experiments  were  conducted  in  the  three  stages.  At  the  first  stage  the  debugging  of  experimental  set-up  and 
determination  of  the  measurement  errors  were  carried  out  on  flie  basis  of  registration  of  a  well  known  diffraction  picture 
formed  by  the  circular  aperture  in  a  Fresnel  zone.  At  the  second  stage  for  a  diffracted  field  from  the  first  pinhole  in  the  open 
one  Fresnel  zone  we  were  locating  the  second  pinhole  of  smaller  diameter.  At  the  third  stage  the  testing  diffraction  system 
has  been  placed  in  an  aerosol.  The  results  of  experimental  researches  and  theoretical  accounts  are  represented  in  a  fig. 3,4, 5. 

Fig.  3  illustrates  the  diffraction  of  the  collimated  plane  wave  on  the  first  pinhole  with  aperture  diameter,  d\  =  365±10  X,  and 
the  thickness  of  walls  S\  =  20±4  »  X.  The  presence  "of  horns"  at  the  edges  of  transversal  distribution  of  a  wave 

intensity,  passed  through  such  pinhole  (Fig.  3a),  is  explained  by  an  inevitable  diffraction  of  a  wave  on  internal  walls  of  the 
aperture.  The  solid  line  shows  theoretical  account  of  average  value  of  an  input  wave  intensity,  relatively  which  the 
comparisons  of  all  consequent  distributions  of  diffraction  fields  intensities,  obtained  as  from  the  first,  and  from  the  second 
screens,  were  conducted.  As  follows  from  the  Fig.  3b,c,d,e,f  the  distribution  of  intensity  in  a  diffraction  picture  in  the  near 
zone  z  <  dj  /4/1  is  determined  by  the  number  (NF)  of  open  Fresnel  zones.  Moving  from  a  screen  along  an  axis  OZ  results 
in  a  decrease  in  the  number  of  open  Fresnel  zones  and  in  a  gradual  growth  of  the  radiation  intensity  along  the  axis.  The 
first  Fresnel  zone  (NF  =  1)  is  open  at  the  distance  z  =  L=  d}j4.X  ,  where  the  maximum  value  of  the  intensity  is  I  mm  =  4/o  at 
the  center  of  the  diffraction  picture  (Fig.  3(f)). 

The  theoretical  account  [5,6],  executed  within  the  quasi-optical  approximation  for  indefinitely  thin  and  ideal  opaque  screen 
(the  solid  line  on  Figures),  qualitatively  and  quantitatively  agrees  with  results  of  experiments,  in  which  the  real  screen  had  a 
finite  thickness;  Si  »  30X.  The  greatest  conciurence  of  the  theory  to  experiment  is  observed  in  the  maximum  points  of 
intensity  of  a  diffraction  picture.  The  inhomogeneity  of  an  initial  distribution  of  the  incident  wave  intensity  (see  Fig.  2(c) 
and  3(a)),  a  thickness  of  screens,  the  interference  of  reflected  waves  with  an  incident  beam,  the  irregularities  of  edges  and 
non-ideal  form  of  aperture  (see  Fig.  2(d)-(e))  have  not  made  some  essential  influence  on  a  Fresnel  diffractional  picture.  All 
this  testifies  that  the  Fresnel  diffraction  on  the  real  objects,  whose  linear  size  exceeds  a  radiation  wavelength,  is  insensitive 
to  the  "rough"  external  conditions.  The  requirements  of  ideality  for  the  screen  (S<kX,  a^h  “o  and  Wj*  ->  oo)  are  necessary 
for  a  mathematical  solution  of  a  wave  equation  and  have  not  played  the  essence  significance  in  the  experiment. 

The  small  divergences  of  the  theoretical  curves  from  the  experimental  dates  are  explained  by  an  error  of  measurements.  The 
experimental  distributions  of  relative  intensities  are  obtained  as  the  ratio  of  the  diffraction  field  intensity  to  average  initial 
intensity  of  an  input  wave.  Here,  both,  the  type  of  optical  elements  and  their  mutual  disposition  were  saved  constant,  when 
the  optical  set-up  had  been  regulated  in  the  various  series  of  measurements.  Besides,  the  statistical  selection  of  obtained 
experimental  dates  was  conducted.  By  virtue  of  it,  the  influence  of  the  most  significant  factors  of  measurement  errors  of  the 
relative  intensities  practically  was  compensated.  In  a  result,  the  measurement  error  was  determined  by  a  precision  of  the 
laser  power  monitoring,  which  in  experiment  made  about  3%  (see  paragraph  5  of  the  present  paper).  This  value  was 
accepted  as  a  relative  error  of  the  measurements  of  the  diffraction  system  focussing  capacity  at  a  stage  of  experiments  with 
one  pinhole. 

Located  at  the  point  z  =  L,  another  plane  screen  with  a  circular  aperture  of  diameter  d2  =  80+10A  results  in  a  cutting  the 
central  peak  in  the  diffraction  picture  generated  by  the  first  hole  at  the  first  open  Fresnel  zone  (see  Fig.  4(a)).  Thus,  the 
initial  plane  wave,  spreading  through  the  first  component  of  a  bicomponent  diffraction  system,  has  a  space  distribution 
closed  to  Gaussian  profile  and  intensity  of  radiation  at  the  second  pinhole  exceeding  by  four  times  the  value  of  the  initial 
wave  intensity  (see  Fig.  3(a)).  The  diffraction  of  this  wave  on  the  second  pinhole  is  shown  on  a  photo  (see  Fig.  4(b)),  which 
has  confirmed  a  conclusion  of  the  theory  that  the  qualitative  picture  of  a  plane  wave  diffraction  on  a  two-aperture  system  is 
similar  to  a  Fresnel  diffraction  picture.  Here,  five  open  Fresnel  zones  with  a  bright  narrow  peak  at  the  center  are  observed. 
Further  propagation  of  the  wave  is  accompanied  by  a  fall  in  its  intensity  along  the  optical  axis  down  to  a  certain  minimum 
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Fig.3.  Fresnel  diffraction  of  a  plane  wave  (a)  by  a  circular  aperture  of  diameter  rf,  =  365±10  A,  presented  for  various 
distances  z  along  the  optical  axis  (b)-(f).  A  solid  line  is  the  theoretical  account,  dashed  line  with  points  is  the  experiment. 
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Fig.4.  Diffractive  focusing  of  a  conical  wave  (a)  by  a  second  circular  aperture  of  diameter  c?2  =  80±10  A,  presented  for 
various  distances  z  from  the  aperture  along  the  optical  axis  (c)-(f)  and  a  photo  of  (b)  a  diffraction  picture.  A  solid  line  is  the 
theoretical  account,  dashed  line  with  points  is  the  experiment. 
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Fig.5.  Experimental  distributions  of  (a)-(c)  the  relative  intensities  of  diffracted  fields,  observed  in  the  homogeneous  not 
absorbing  (solid  line)  and  aerosol  (a  dashed  line  with  points)  mediums  on  the  different  distances  z  from  an  investigated 
diffraction  system  along  the  optical  axes.  The  aerosol  consists  of  carbon  particles  by  the  radius  ro »  0. 1  fun  and  the 
concentration  10®  cm'^. 
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value  (dark  center  of  the  diffraction  picture)  that  corresponds  to  the  diffraction  picture  for  an  even  number  of  open  Fresnel 
zones:  NF  =  4  (see  Fig.  4(c)).  Then,  at  a  distance  =  0.33  mm  from  the  second  diaphragm,  a  phase  shift  of  the  wave 
develops  such  that  the  beam  focusses  again  with  the  maximum  ratio  in  the  experiment  ///q  =  6.5  (and  in  the  theory  ///o  =  8.5) 
at  the  center  of  the  diffraction  picture  (see  Fig.  4(d))  created  by  three  open  Fresnel  zones.  Finally,  at  the  point  Zi=  z-L  = 
1 .0  mm,  the  first  Fresnel  zone  is  open,  where  a  maximum  diffractive  focusing  of  the  radiation  is  observed,  and  the  intensity 
at  the  focal  point  is  ten  times  in  the  experiment  (and  is  eleven  times  in  the  theory)  higher  than  the  initial  wave  intensity  /o 
entering  the  bicomponent  diffraction  system  (Fig.  4(f)). 

Thus,  the  qualitative  picture  of  a  Fresnel  diffraction  is  observed  behind  the  second  pinhole,  which  has  been  accompanied  by 
a  multifocal  focussing  of  radiation  and  magnification  of  initial  wave  intensity  at  the  open  odd  Fresnel  zones.  This 
phenomenon  is  effect  DMFR,  which  is  observed  on  a  bicomponent  diffraction  system  with  small  Fresnel  numbers. 

The  maximum  divergence  of  the  theoretical  accounts  [5,6]  from  the  experimental  results  at  the  second  stage  of  experiments 
with  two  screens  reaches  already  ~  20%.  It  in  many  respects  is  explained  to  an  additional  component  of  error,  introduced  by 
a  second  pinhole  due  to  the  reflection  of  the  radiation  on  glass  plane-parallel  plates,  between  which  the  second  screen  with  a 
hole  has  been  located.  The  losses  of  the  beam  intensity  on  a  wavelength  X  =  0,630  /jm  during  a  reflection  on  each  from  four 
edges  of  glass  plates  make  till  4%  (the  refraction  index  of  a  glass  n  =  1.5).  Thus,  the  measurement  results  can  be  improved 
on  16%  if  to  use  a  pinhole  without  glass  plates. 

The  replacement  of  homogeneous  gas  medium  of  the  wave  propagation  on  an  aerosol,  consisting  of  carbon  particles  by  the 
radius  «  0.1  ;jm  and  the  concentration  N  ~  10®  cm'^,  as  well  as  predicted  the  theory  [5,6],  had  not  influenced  on  a 
qualitative  character  of  the  wave  diffraction  on  a  investigated  bicomponent  diffraction  system  (see  Fig.5).  The  presence  of 
an  aerosol  has  reduced  the  intensity  of  diffraction  fields,  but  has  saved  the  focusing  ability  of  a  system.  Thus, 
experimentally  is  established,  that  the  diffractive  multifocal  focussing  of  a  radiation  on  a  real  screens  with  axial  circular 
apertures,  whose  diameters  exceed  a  radiation  wavelength,  is  insensitive  to  the  "rough"  external  conditions:  to  a  thickness  of 
screens,  to  the  irregularities  of  edges  and  non-ideal  form  of  apertures,  to  a  heterogeneity  of  initial  distribution  of  an  incident 
wave  intensity,  to  changes  in  the  medium  of  the  wave  propagation. 


5.  ESTIMATION  OF  MEASUREMENT  ERRORS 

The  two  methods  of  the  estimation  of  measurement  errors  are  used  in  the  present  work.  One  of  them  took  into  account  the 
influence  of  major  factors,  defining  exactitude  of  measurements,  and  other  was  based  to  the  statistical  processing  of  me 
experimental  dates.  The  values  of  standard  errors  (mean  square  errors)  have  been  used  in  the  numerical  calculations  of  the 
measurement  accuracy.  The  reference  dates,  characterizing  the  errors  of  the  measurement  devices  used  in  the  work,  have 
been  transformed  to  the  view  like  mean  square  error. 

The  total  error  of  measurements  is  estimated  as  a  quadratic  sum  of  a  systematic  5c  and  a  random  5;  errors  [10].  5=yf^  +  5^  . 
In  our  experiment  it  is  possible  to  select  the  following  main  components  of  a  systematic  error  4:  5^°  is  the  error  because  of 
limitation  in  resolution  of  the  micro-objective;  5^^°  is  the  error  because  of  non-linearity  of  CCD-photodetector  unit  scale 
characteristic.  The  resulting  systematic  error  is  determined  here  as  a  result  of  a  mean-quadratic  sum  [10]: 


Let’s  present  a  basic  components  of  the  random  error  5/.  includes  the  errors  because  of  an  mterference  on  the 

protective  glass  of  a  CCD-line  chip,  and  because  of  the  non-efficiency  of  charge  transfer  process  in  a  CCD-line  chip; 
is  the  error  because  of  inhomogeneous  sensitivity  of  CCD  line  cells;  is  the  error  because  of  an  electronic 

noise  in  the  CCD-line  chip;  is  the  error  of  laser  radiation  power  measurement  by  the  photo-diode  device.  A  total 
random  error  is  estimated  as  a  quadratic  sum: 


All  other  factors  of  an  experimental  error,  those  were  not  named  here,  have  been  neglected  by  virtue  of  a  smallness  of  their 
values.  For  simplification  of  accounts  all  components  of  errors  were  considered  as  a  multiplicate. 

During  the  estimating  the  values  of  5"°  and  ,  their  dependencies  on  a  spectmm  of  a  signal  frequencies  have  been 

taken  into  account.  For  this  purpose  a  space  frequencies  spectrum  of  measured  intensity  distribution  dependencies  was  used. 
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This  spectrum  was  obtained  with  the  help  of  the  discrete  Fourier  converter  according  to  a  technique  [11].  The  value  of  error 
component  was  determined  by  using  the  experimental  frequency  -  contrast  performance,  obtained  in  [8].  The 

evaluation  of  error  component  was  performed  from  the  measurement  of  resolution  for  concrete  the  micro-objective, 
used  in  our  scheme.  This  resolution  of  micro-objective  has  made  200  lines/mm  in  om  experiment.  The  total  error  of  these 
components  S^°  and  on  whole  spectrum  was  determined  as  a  quadratic  sum  of  its  components  corresponding  to 

each  harmonic  of  the  spectrum. 

The  evaluation  of  a  maximum  relative  error  has  been  performed  on  the  basis  of  experimental  scale  performances  for 

the  CCD-photodetector  unit.  It  has  got  up  to  4%.  This  obtained  value  has  appeared  twice  less,  than  dates  in  the  reference 
[7].  It  can  be  explained  by,  at  first,  in  our  experiment  the  image  has  filled  only  about  20%  of  total  aperture  of  the  CCD-line 
chip.  Secondly,  a  sample  of  the  CCD-line  chip,  used  by  us,  had  a  little  bit  large  homogeneity  of  sensitivity. 

According  to  [9],  the  non-linearity  of  the  photo-diode  unit  8  scale  performance  is  about  3%.  Then,  taking  into  consideration 
an  error  in  the  measurement  of  an  output  signal  level  from  the  unit  8,  we  receive  =  3%. 

In  Table  1  the  calculated  dates  of  the  absolute  values  of  the  systematic,  random  components  and  total  error  are  presented, 
and  also  the  evaluation  of  a  statistical  error  is  indicated.  Dining  the  statistical  estimation  of  errors,  the  mean  square  error 
was  estimated  for  each  point  of  the  experimental  profiles  of  light  intensity.  The  error  values  for  each  diffraction  picture  are 
integrally  averaged  within  an  effective  aperture  of  the  CCD-photodetector,  and  they  are  derived  by  the  mean  value  of  the 
intensity  within  this  aperture. 


Table  1.  The  integrally  averaged  within  an  aperture  absolute  values  of  the  systematic,  random  components  and  total  error 
(from  left  to  right  in  the  column),  and  also  the  evaluation  of  a  statistical  error. 


Configuration  of 
an  optical  system 

Kind  of  errors 

Number  of  Fresnel  zones 

Image  of 
the  pinhole 

1 

2 

3 

4 

One  pinhole 

systematic/random/total,  % 

0.5/5/5 

1/10/10 

1.5/10/10 

3/8/10 

1.5/10/10 

statistical,  % 

5 

5 

8 

10 

10 

Two  pinholes 

systematic/random/total,  % 

5/5/7 

5/10/10 

5/8/10 

7/15/15 

5/8/10 

statistical,  % 

5 

5 

8 

10 

10 

The  calculations  have  shown  that  S^°  and  make  the  greatest  contribution  to  a  total  error.  A  contribution  of  other 

components  named  above  does  not  exceed  1/5  of  a  total  error  value. 

As  follows  from  the  table,  the  absolute  value  of  the  total  error  has  reached  10®/o  for  diffraction  patterns  with  the  Fresnel 
number  of  NF  <  2.  This  value  has  got  up  to  15%  for  diffraction  patterns  with  higher  Fresnel  numbers,  that  is  explained  by 
the  fall  of  pattern  contrast  at  high  space  frequencies.  The  same  total  error  values  have  been  observed  and  for  the  series  of 
experiments  on  a  wave  diffraction  in  an  aerosol  medium,  consisting  of  carbon  particles  by  the  radius  ro  “  01  and  the 
concentration  A  «  10^  cm'^. 


6.  CONCLUSIONS 

Thus,  predicted  by  the  theory  the  new  optical  DMFR  effect,  observed  on  a  bicomponent  diffraction  system  with  small 
Fresnel  numbers,  is  confirmed  experimentally.  Is  shown,  that  the  diffraction  picture  in  the  focal  planes  of  such  system 
represents  the  circular  nonlocal  bands  of  the  Fresnel  zones  with  a  bright  narrow  peak  at  the  center,  whose  intensity  in  the 
experiment  can  exceed  by  six  to  ten  times  the  value  of  the  incident  plane  wave  intensity. 

The  theoretical  account,  executed  within  the  quasi-optical  approximation  for  indefinitely  thin  and  ideal  opaque  screen, 
qualitatively  and  quantitatively  agrees  with  results  of  experiments,  in  which  the  real  screen  had  a  finite  thickness:  »  A. 
The  greatest  concurrence  of  the  theory  to  experiment  is  observed  in  the  maximum  points  of  intensity  of  a  diffraction  picture. 
The  experiments  have  confirmed  a  conclusion  of  the  theory,  that  the  qualitative  picture  of  a  plane  wave  diffraction  on  a  two- 
aperture  system  is  similar  a  Fresnel  diffraction  picture.  Experimentally  is  established,  that  the  diffractive  multifocal 
focussing  of  a  radiation  on  a  real  screens  with  axial  circular  apertures,  whose  diameters  exceed  a  radiation  wavelength,  is 
insensitive  to  the  "rough"  external  conditions:  to  a  thickness  of  screens,  to  the  irregularities  of  edges  and  non-ideal  form  of 
apertures,  to  a  heterogeneity  of  initial  distribution  of  an  incident  wave  intensity,  to  changes  in  the  medium  of  the  wave 
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propagation.  The  requirements  of  ideality  for  the  screens  (5«A,  oo  h  ntsh  — >•  °o)  are  necessary  for  a  mathematical 

solution  of  a  wave  equation  and  have  not  played  the  essence  significance  in  the  experiment.  The  replacement  of 
homogeneous  gas  medium  of  the  wave  propagation  on  an  aerosol,  consisting  of  carbon  particles  by  the  radius  t-q  «  0.1  fmi 
and  the  concentration  N  ^  10^  crn^,  had  not  influenced  on  a  qualitative  character  of  the  wave  diffraction  on  a  investigated 
bicomponent  diffraction  system. 
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ABSTRACT 

The  phase  distortion’s  influence  on  the  radial  luminosity  of  the  laser  radiation  in  distant  zone  occurred  in  minors 
with  radial  reflection  coefficient  has  been  investigated.  It  was  shown  that  the  radial  luminosi^  diminished  1.5-2  times  in 
comparison  with  mirrors  characterized  by  constant  or  having  spherical  front  radial  phase’s  distribution  along  a  mirror 
coating.  New  methods  of  radial  phase  distortion  compensation  are  suggested  for  increasing  of  the  radial  luminosity  of  the 
phase  front;  1)  a  deposition  of  additional  layers  with  required  radial  thickness  function,  2)  a  special  choice  of  reflective 
coating’s  structure. 

Examples  of  the  synthesis  and  practical  making  of  output  mirrors  of  C02-laser’s  unstable  resonators  are 
demonstrated.  Due  to  the  mirrors  with  pha%  distortion  compensation  of  laser  radiation  the  radial  luminosity  increased  3 
fiitifts  in  comparison  with  the  usual  mirrors. 


INTRODUCTION 

For  the  effective  technological  apphcation  of  high  power  C02-lasers  one  needs  to  receive  a  going  out  laser  mode 
with  a  quasi-Gaussian  profile  and  a  httle  diJB&action  divergence.  The  radiation  from  resonators  having  such  properties  is  the 
most  convenient  to  be  transmitted  and  focused.  However,  a  widely  used  (for  media  such  as  CO2  with  a  large  amplification) 
telescopic  unstable  resonator  with  going  out  radiation  around  an  output  opaque  mirror  cannot  satisfy  needs  (Fig.  IX 

In  published  papers  ’’  ^  the  conditions  of  the  shaping  of  laser  ra^ation’s  transverse  mode  in  that  scheme  have  been 
studied  very  weU.  These  investigations  have  carried  out  based  on  numeral  analytic  methods  and  experimental  researches. 
Authors  ’’  ^  have  proved  that  the  edge  diffraction  scattering  on  mirror’s  borders  (taken  place  in  the  resonator  shown  in  Fig. 
1)  has  led  to  the  degeneracy  of  resonator’s  transverse  modes  and,  in  another  words,  to  the  mode  multiplicity  of  going  out 
radiation,  fri  3D-resonator  with  spherical  minors  the  degeneracy  stayed  even  in  case  of  considerable  amplification 
coefficients^.  In  real  resonators  with  active  amplifying  medium  the  distortions  of  intercavity  profile  of  radiation’s  transverse 
mode  were  still  more  essential.  For  example,  in  pulse-periodic  lasers  with  a  large  anqrlification  coefficient  the  presence  of 
scattered  tight  led  to  the  modulation  of  medium’s  amplification  coefficient  during  a  pulse  and,  as  result,  to  the  changing  of 
the  shape  of  radiation’s  transverse  distributiom  Lastly  the  serious  defect  of  this  resonator’s  scheme  was  the  fact  that  the 
output  radiation’s  profile  had  the  annular  form.  Therefore  the  radiation’s  diffraction  divergence  increased  and  the  central 
maximum’s  intensity  diminished  after  the  focusing  of  the  radiation. 


Fig.  1.  Unstable  telescopic  resonator. 
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It  is  clear  that  the  use  of  optical  elements  with  variable  radial  reflection  coefflcient  instead  ordinary  output  opaque 
mirrors  allows  to  improve  parameters  of  the  going  out  radiation  considerably.  These  are  two  types  of  such  output  elements. 
The  first  type  has  “step-form”  reflectivity  profile.  It  is  simpler  for  producing  (Fig.  2).  The  second  type  has  smooth 
reflectivity  profile  nearing  to  Gaussian  one.  Output  optical  elements  of  last  type  correspond  to  requirements  of  the  shapmg 
of  the  radiation’s  smooth  transverse  field  best  of  all.  Unfortunately,  these  elements  are  more  compUcated  for  producing  (Fig. 
3).  At  last  time  a  set  of  papers  was  published  reports  about  the  elaboration  and  the  successfiil  emplo^irent  of  elements  of 
two  types  mentioned  above  (with  “step-form”  reflectivity  radial  distribution'’’  ®  and  with  smooth  one  ■  ’  0 


Fig.  2.  Constructions  of  elements  with  “step-form”  reflectivity  profile  realizing  different  (a,  b)  ways  of  phase 

compensation. 

1  -  a  substrate,  2  -  an  antireflection  coating,  3  -  a  reflective  coating,  4  -  a  phase  compeiisative  layer,  5  -  a  section 
without  a  part  takm  out  of  the  opposite  side  of  a  substrate  by  the  method  of  ion  pohshing. 


Fig.  3 .  Construction  of  an  output  element  with  a  smooth  reflectivity  profile. 

1  -  a  substrate,  2  -  an  antireflection  coating,  3  -  a  reflective  coating,  4  -  a  compensative  layer. 

Numeral  and  analytic  calculations^  ^  gave  following  results.  Elements  of  first  type  in  resonators  with  about  small 
Fresnel  number  AZ/r  =  /  At  (in  case  of  great  amplifications  especially)  did  not  cause  yet  the  essential  distortion  of 

intercavity  main  mode.  The  effect  of  so-called  “soft  edge”  near  central  reflective  part  of  the  element  (that  was 

about  a  narrow  zone  of  the  smooth  falling  of  a  reflection  coefficient  with  a  width  ^  =  a  /  )  decreased  the  diffraction 

scattering  firom  mirror’s  border  to  a  mariced  degree.  It  could  be  achieved  by  simple  technological  ways  durmg  element  s 
making.  In  real  resonators  the  use  of  output  elements  of  the  first  type  with  “step-form”  reflectivity  profile  rs  possrble  m  case 
of  repeated  propagation  of  a  laser  beam  in  an  active  medium.  When  a  considerable  spatial  irregularity  of  a  active  medium’s 
amplification  coefficient  takes  place,  particularly,  in  case  of  a  high  power  pulse  laser  with  a  transverse  pumping  of  a  gas 

medium,  it  should  be  put  into  practice  output  elements  with  a  smooth  reflectivity  profile.  ^  ^ 

During  processes  of  the  shaping  of  smooth  profile  of  intercavity  mode  and  of  propagation  and  a  focusing  of  a 
going  out  radiation  two  magnitudes  have  the  great  significance.  The  other  one  is  the  amphtude  reflection  coefficient  of  an 
output  element.  And  the  another  one  is  phase  distortions  of  wave  front  of  reflected  and  transmitted  radiation.  In  many 
reports  concerning  discussed  problem  it  was  founded  that  the  profile  of  a  real  resonator’s  transverse  mode  might  be  differ 
from  calculated  profile  of  the  resonator  with  the  same  configuration  but  empty.  This  fact  was  conditioned  by  phase 
aberrations.  It  must  bear  in  mind  that  similar  phase  distortions  arise  inevitably  in  process  of  making  of  output  elements  with 
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a  radial  reflectivity  profile.  Hence,  the  phase  compensation  to  admissible  limits  of  such  distortions  for  reflected  and 
transmitted  radiation  may  permit  to  improve  parameters  of  output  beam’s  divergence. 

In  order  to  estimate  the  admissible  value  of  phase  d^ortions  of  a  radiation’s  wave  front  transmitting  through  the 
plptTiRnt  we  researched  the  laser  beam’s  propagation  in  distant  zone  in  the  presence  of  different  values  of  wave  front’s  phase 
aberrations.  The  calculation  of  radiation’s  field  intensity  in  a  distant  zone  was  made  on  a  base  of  a  well-known  fluent  Reley 
-  iZommerfeld’s  relation.  Moreover  it  was  used  the  method  of  fast  Fourier’s  transformations. 

For  exanqjle  we  consider  the  propagation  of  a  radiation  having  one  of  two  kinds  of  an  initial  distribution  of 
radiation’s  field.  The  first  is  described  by  the  function 

U(r)  =  circ(r/a)exp[i<p(r)] 

and  has  a  form  of  a  small  disk  of  a  plane  wave.  The  second  is  described  by  the  function 

U(r)  =  exp[r^/w^Jexp[iqi(r)J 

and  has  a  Gaussian  form  Here  a  -  an  output  aperture  of  a  beam,  w  -  a  certain  number  which  is  smaller  than  a  :w< 
a,  (p(r)  -  a  function  describing  phase  distortions  of  initially  plane  fient  of  a  radiation. 

It  is  supposed  the  pha^  distortions  are  described  by  a  function 

g)(r)  =  csin(270'/a), 

where  c  and  /-  variable  parameters.  Similar  phase  distortions  of  a  transmitting  radiation  are  typical  for  output 
elements  having  dielectric  profileii  coatings.  Results  of  calculations  are  following  magnitudes;  the  beam’s  intensity 
distribution  in  a  distant  zone  I(r)  and  the  power  part  W(^/Wo  in  an  angle  S  from  an  optical  axis  of  radiation’s  propagation. 
Wo  is  the  total  power  of  a  radiation. 

The  changing  of  power  part  W(^/Wo  when  the  amphtude  of  phase  distortions  c  increases  and  has  values  c  =  0, 
Q.ln,  0.4n:i%  shown  in  Fig.  4.  Here /=  /.  An  initial  function  has  a  form  of  a  small  disk  of  a  plane  wave,  r  is  a  radius  of  the 
disk.  If  the  amphtude  of  phase  distortions  c  increases  curves  of  a  power  part  W(^/Wo  and  of  intensity  distribution  I(r)  get 
broader.  When  c  is  equal  c  =  0.4n^t,  power  part  Wf^J/Wo  in  a  difiraction  angle  decreases  1.5-^2  times  approximately. 
Phase  distortions  being  smaller  than  ft  /;r  increase  the  value  of  radiation’s  divergence  shghtly.  Therefore  the  value  c-  O.ln 
should  be  considered  as  the  top  value  for  transmitting  radiation’s  phase  distortions  caused  by  resonator’s  output  element 


W/Wjj 


Fig.  4.  Power  part  WAVo  of  the  laser  beam  at  distant  zone  in  cases  of  different  values  of  phase  distortion  amplitude. 

The  calculation  of  the  degree  of  the  phase  distortion’s  influence  on  the  structure  of  transverse  mode  in  real 
resonators  with  an  active  medium  is  very  difficult  because  of  numerous  factors  mfluencing  on  the  mode’s  forming.  Still 
results  of  different  independent  investigators  (for  example  in  the  paper^)  have  shown  that  phase  variations  from  spherical 
wave  front  of  intercavily  mode  of  empty  telescopic  resonator,  as  a  rule,  were  not  O.ln. 

So  the  value  of  0.  Inis  reasonably  to  choose  as  an  admissible  one  for  phase  distortions  caused  by  optical  reflecting 

element 
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ELEMENTS  WITH  ‘STEP-FORM”  PROnLE  OF  A  REFLECTION  COEFFICIENT. 

These  consist  of  a  substrate  and  an  applied  coating.  In  the  center  of  the  element  the  reflective  parti^y 

dielectric  mirror  is  situated  which  surrounded  by  an  antireflection  region  (Fig  2).  For  such  elements  the  phase  TOmpensation 
of  a  reflected  radiation  is  not  necessary  as  the  reflection  of  peripheral  part  is  equal  zero.  Authors  of  reporte  ’  have  ^d 
about  the  elaboration  and  successfiil  using  of  output  elements  of  this  type  for  unstable  resonators  of  C02-lasers.  The 
compensation  of  phase  difference  of  beams  transmitting  through  the  reflective  and  antireflection  regions  has  been  achieved 
by  the  talcing  out  the  part  of  the  opposite  side  of  a  substrate.  The  operation  has  been  produced  by  the  method  of  ion 

polishing^^  have  synthesized  and  have  put  into  the  practice  ^  resonator’s  output  mirrors  of  this  type  for  the  using  in  the 
industrial  laser  “Hebte”.  For  the  compensation  of  ph^  distortions  the  certain  technological  ways  were  less  complicated 
than  mentioned  above.  We  used  two  ways:  1)  the  deposition  of  the  phase  compensative  layer  to  the  opposite  side  of  the 

mirror  or  2)  the  choice  of  defined  structure  of  the  interference  reflective  coating. 

In  the  first  way  a  compensative  layer  has  such  optical  thickness  to  supply  a  phase  difference  of  beams  transmitting 
through  reflective  and  antireflection  regions  to  the  divisible  2;r  value.  So  an  optical  thickness  of  a  compensative  layer  tc  in 
units  of  /W  is  defined  by  the  relation 

tc  =  [4m-tL(l-I/niJ-tH(l-l/nH)]  /  (I-I/rtc).  ...  ■  j  u  •  n  n  ^ 

Here  nr  is  a  minimum  natural  number  when  tc  is  positive  yet,  and  nn  are  refiractive  mdexes  having  smaller  (low) 

or  larger  (high)  values,  4  and  Ih  are  values  of  optical  thickness  of  corresponding  layers. 

In  order  to  receive  a  reflection  coefficient  of  central  zone  having  the  order  of  i?  «  80%  in  our  case  it  w^  used  6- 
layer  dielectric  mirror  with  high  refractive  layers  made  of  zink  selenium  (mh  =  2.35-5-2.38^  and  with  low  refiac^ve  layers 
made  of  plumbum  fluoride  («l  =  1.65).  The  refractive  index  of  a  compensative  layer  made  of  zink  selemum  (wc  - 
2.35-^2.38)  corresponded  really  to  a  refiactive  index  of  a  substrate.  Finally  the  thickness  of  a  compensative  layer  in  units  of 

W4  was  equal  4  =  1-93  in  a  case  of  m  =  1  and  1=  10.6  pm.  .  • 

Another  way  of  the  phase  compensation  is  coimected  with  the  opportumty  of  the  creating  of  reflective  systems  m 
which  the  additional  phase  compensation  of  a  transmitting  radiation  is  not  required.  The  good  example  of  such  ^sterns  is 
the  8-layer  mirror  made  of  applied  films  with  high  H  and  low  L  refractive  indexes.  It  has  the  structure 

L;  H;  L;  H;  xL;  (2-x)H;  (2-x)L;  xH.  .a 

Here  x  and  (2-x)  ate  coefficients  defined  optical  thickness  of  layers  in  units  of  A/4.  Usmg  PbF2  (nz,  -  1.65)  and 
ZnSe  (or  AS2S3,  rtn  =  2.35)  as  film-forming  materials  in  multilayer  mirror  it  is  easy  to  calculate  that  a  geometrical  thickness 
of  the  mirror  with  this  Structure  be  equal  2;rand  an  optical  thickness  be  equal  47l  As  a  result  a  phase  difference  is  equal  27c 
at  any  values  of  the  parameter  x  Varying  the  parameter  x  fi^om  0.4  to  1  it  may  to  receive  reflective  coefficients  R  finm  0.7  to 
0.9.  These  values  of  R  are  better  than  values  belonging  to  the  interval  of  adrmssible  reflectrve  coefficients  of  central  zone 

for  considered  reflective  systems.  ■  u  1. 

Based  on  two  described  above  methods  of  phase  compensation  we  manufactured  output  mrrrors  wrth  phase 

compensation  For  the  configuration  of  the  laser  “Hebre”  resonator’s  parameters  are  equal  I  =  4.5  m,  a  7  =  25  mm,  M  - 
1.36,  a  Fresnel  number  is  not  large  N  =  a^/AL,  =  N(M-l)/2  ^2.5.  To  decrease  more  the  negative  influence  of 
diffraction  scattering  fi'om  mirror’s  borders  the  effect  of  a  “soft  edge”  was  used.  As  it  was  mentioned  before  a  zone  of  a 
smooth  falling  of  reflection  on  the  border  had  to  be  equal  d~2.5  mm  in  a  case  of  definite  diameter  of  central  reflective  part 
of  an  ouqjut  element  2a2  =  28  mm  The  value  of  this  zone  might  be  achieved  in  foUowing  combined  conditions  :  1)  of 
definite  situation  of  cells  with  evaporating  film-forming  materials  inside  the  vacuum  evaporation  mstallation  and  2)  of 
placing  of  the  special  screen  at  the  distance  about  1.3  mm  firom  a  substrate  in  time  of  applying  of  a  central  mirror. 

OUTPUT  ELEMENTS  WITH  A  SMOOTH  REFLECTIVITY  PROFILE. 

Constructions  and  techniques  of  similar  elements  without  phase  comirensation  have  were  described  m  papers 
For  example  ^  researchers  have  given  data  concerning  a  construction  and  characteristics  of  the  element  consisting  of  1)  the 
substrate  of  NaCl,  2)  the  applied  antireflection  dielectric  coating  in  the  first  place  and  3)  single-layer  mirror  of  Ge  (n  =  4.0) 
apphed  on  the  coating  (2)  after.  The  mirror  (3)  have  had  Gaussian  reflectivity  profile.  The  reflection  coefficient  m  the  cento 
of  the  element  has  been  equal  80%  approximately.  In  a  case  of  these  data  the  maximum  phase  difference  for  radiation  s 
transmitted  wave  front  along  mirror’s  surface  achieves  the  value  of  0.47t  and  one  for  reflected  wave  fiont  -  O.Cjl  So 
considerable  phase  distortions  influence  on  the  forming  of  the  main  resonator’s  mode  and  on  conditions  of  radiation  s 

focusing 

We  synthesized  produced  and  explored^  the  phase  compensated  output  element  for  the  telescopic  resonator  of  a 
pulse  laser  having  following  parameters  :  Z,  =  4  m,  Af  =  1.23  and  exit  aperture  6  cm  The  profile  of  radial  reflective 
coefficient  distribution  was  approaching  to  the  function 
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R  =  Roexp{-[x^V)/l-5"]'K 

where  Ro  =  0.6-  reflective  coefficient  in  the  center  of  the  element,  x  and  y-rn  units  of  cm. 

The  construction  of  this  element  is  represented  in  Fig.3  and  its  characteristics  are  shown  in  Fig.5.  The  mirror  was 
apphed  on  the  substrate  of  KCl  with  diameter  60  cm.  Conditionally  it  consists  of  three  radial  zones.  The  first  is  a  form  of  the 
gtnall  disk  and  has  maximum  reflection  of  order  57%.  It  otnsists  of  layers  with  constant  thickness  along  a  radius.  The 
second  is  ring  zone  and  has  size  from  5  to  20mm  along  a  radius.  Also  it  is  a  zone  of  a  smooth  falling  of  reflective  coefficient 
from  57%  to  0  because  of  uniform  reduction  of  thickness  of  reflective  coating.  The  third  zone  is  an  antireflection  coating. 
Radial  profile  of  reflection  is  shown  by  a  curve  1  in  Fig.5.  For  this  construction  of  the  element  examining  variations  of  a 
phase  of  reflected  radiation  (a  curve  2  in  Fig.5)  are  not  more  than  0.  lit.  Maximum  value  of  phase  variation  is  concentrated 
in  a  narrow  ring  on  a  border  of  second  zone  where  the  reflection  coefficient  is  minimum. 

The  curve  3  in  Fig.5  shows  the  calculated  phase  variations  of  transmitted  radiatioiL  The  difference  of  phases  of 
beams  between  the  element’s  center  and  the  border  of  second  zone  xo  =  2  cm  along  a  radius  has  opposite  symbol  and  is 
equal  about  1  rad  or  n/3. 

The  compensation  of  phase  distortion  of  transmitted  radiation  was  done  by  applying  of  a  compensative  layer  on 
mirror’s  opposite  side  under  the  antireflection  coating.  Changing  of  a  thickness  of  a  compensative  layer  is  equal  to  the  same 
value.  The  value  takes  a  place  when  total  phase  dependence  of  transmitted  radiation  along  the  whole  radius  of  output 
element  corresponds  to  spherical  wave  front  with  certain  and  large  radius  of  curvature  (a  curve  4  in  Fig.  5). 

The  thickness  of  the  compensative  layer  had  a  constant  value  in  first  and  second  zones  and  was  decreasing  to  zero 
in  third  zone  according  to  the  definite  law.  So  the  multiply  layer  structure  of  output  mirror  in  transmitted  fight  may  be 
represented  as  a  convex  lens  with  a  large  focal  distance  (about  70  m).  If  it  will  be  need  the  brought  sphere  may  be 
compensated  easily  by  the  changing  of  parameters  of  external  optical  system.  The  changing  of  the  thickness  of 
compensative  layer  in  third  zone  influences  in  limits  of  0.2%  on  antireflection  characteristics  slightly. 

As  film-forming  materials  for  the  flying  of  multiply  coatings  it  was  usedv4s2&3  (n  =  2.65)  and^s^Ss  (n  =  2.25) 
forming  smooth  films  with  a  small  absorption  and  high  radiation  resistance  and  without  scattering.  Plumbum  fluoride  PbF^ 
(n  =  1.55)  was  used  for  low  refiactive  and  compensative  layers. 


Fig.  5.  Characteristics  of  the  output  element  with  smooth  reflectivity  profile.  The  mirror  was  applied  on  the 
substrate  of  KCL 

1  -  radial  profile  of  reflection,  2  -  phase  variations  of  reflected  radiation,  3  -  calculated  phase  variations  of 
transmitted  radiation,  4  -  total  phase  dependence  of  transmitted  radiatioa 
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PARAMETERS  OF  GOING  OUT  RADIATION  IN  A  CASE  OF  USING  OF  OUTPUT 
ELEMENTS  WITH  DIFFERENT  TYPES  OF  REFLECTION  PROFILE. 


Output  elements  with  “step-fonn”  mirror’s  profile  were  placed  and  investigated  in  the  industrial  laser  as 
“Hebre”.  They  were  transforming  the  laser’s  working  regime  in  single-mode.  The  output  power  was  equal  about  80-5-90%  of 
the  power  in  multimode  regime  of  laser  with  standard  output  mirror  (having  a  reflection  coefficient  R  =  30-5-35%).  Laser  s 
radiation  divergence  did  not  exceed  a  value  of  1.5  Therefore  a  power  density  in  lens  focus  multipUed  5^  times.  As  a 
result  this  laser  with  output  power  about  800  Wt  cut  aluminium  sheets  having  surface  roughness  and  thickness  1.5  mm. 

Experimental  investigations  of  made  element  with  a  smooth  reflection  profile  carried  out  on  the  installation.  It 
based  on  1)  an  electro-injector  C02-laser  cell  of  atmospheric  pressure  with  a  volume  2.5  liter,  2)  a  pulse  time  of  pumpmg 
about  18  us  3)  and  specific  energy  to  200  J  to  titer.  Two  different  resonators  with  an  exit  aperture  6  cm  were  used.  First 
resonator  had  a  length  L  =  4m,  i  multiplier  coefficient  M  =  1.23  and  smooth  output  mirror  of  second  type.  Second  one  had 
/,=  6  m,  M=  1.5  and  copper  mirror  with  a  diameter  3.2  cm. 

Energy  distribution  of  a  near  field  was  checking  by  imprints  on  thermo-paper  and  on  a  hqmd  crystal.  The  one  ot  a 
distant  field  was  checking  by  imprints  on  lighted  out  and  developed  thermo-paper.  Energy  distributions  in  near  (1)  and 

distant  (2)  zones  for  both  resonators  are  shown  in  Fig.  6.  t.  a  ■  ^  ^ 

]f  to  compare  results  for  two  resonators  it  is  seen  that  the  use  of  a  output  element  with  a  smooth  reflectivity  pronie 
allows  to  improve  the  quality  of  going  out  radiation  to  a  marked  degree  since  in  this  case  a  radial  luminosity  increases  in  3 
times.  Besides  of  this  fact  our  experimental  researches  carried  out  befire®  have  shown  that  angulm  divergence  has  been 
constant  during  a  laser  pulse.  Consequently  effects  accompanied  the  process  of  generation  don’t  the  influence  upon  the  field 

stmeture  inside  a  resonator.  ,  a-  ■  c 

Hence  the  use  of  output  elements  with  a  phase  front  compensation  permits  to  mcrease  the  effiaency  ot  power 

COa-laser  applications. 


Wd/W 


Fig.  6.  Energy  distributions  in  near  (1)  and  distant  (2)  zones  for  the  resonator. 
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Abstract 

The  results  of  theoretical  and  experimental  studies  on  photodynamics  and 
mechanism  of  nonlinear  optical  processes,  responsible  for  optical  limiting  of  power 
radiation  in  the  wavelength  range  from  0.3  to  1.3  microns,  are  presented.  Peculiarities  in 
the  mechanisms  of  optical  limiting  for  different  fiillerene-containing  matrices,  including 
solutions,  solid-state  and  polymer  systems,  are  shown. 


1.  Introduction 


Discovering  of  fullerenes  in  1985  by  Kroto,  Heath,  O’Brien,  Kerl,  and  Smoly,  and 
later  creation  of  nanotubes  on  their  base  initiated  activities  on  their  studies  and  search 
for  application  of  them  in  physics,  chemistry,  nonlinear  optics,  electronics,  and 
technology  of  constructive  materials. 

At  present  thousands  of  publications  are  devoted  to  studying  properties  of 
fullerenes  and  materials  on  their  base  as  well  as  to  prospects  of  their  application. 

We  hardly  make  a  mistake  if  say  that  fullerenes  and  fullerene-containing  media 
are  the  technologies  of  the  new  century  (Figure  1). 


The  fullerenes  are  of 
interest  for  us  because  of 
their  strong  nonlinear 
properties  due  to  the 
structures  of  the  molecules, 
having  a  shell  of  non- 
localized  7i-electrons. 

The  fullerene 

molecules  are  promising 
for  creation  of  the 
following  nonlinear-optical 
systems: 


Figure  1. 


Laser  Optics  2000;  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
Leonid  N.  Soms,  Vladimir  E.  Sherstobitov,  Editors,  Proceedings  of  SPIE  Vol.  4353  (2001) 
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•  wideband  fast-response  limiters  of  power,  including  laser,  radiation; 

•  photoreffactive  media  for  writing-in  of  dynamic  holograms  and  phase 
conjugation; 

•  controlling  duration  and  spatial  structure  of  laser  radiation; 

•  optical  fast-response  (down  to  femtoseconds)  shutters  for  optical  computers  and 
so  on. 

The  most  efforts  were  applied  to  study  and  design  of  the  optical  limiters  of  power, 
including  laser,  radiation. 


2.  Computer  simulation  of  the  photodynamics  of  the  absorption  mechanisms 
in  the  optical  limiting 

Optical  limiting  mechanism  in  fullerene-containing  media  is  based  on  the 
reversible  photoinduced  processes,  which  are  absorption  processes  and  the  processes 
connected  with  change  in  a  path  of  laser  beam  (self-defocusing,  induced  scattering  and 
reflection)  [1].  The  basis  of  the  absorption  mechanism  in  the  optical  limiting  is  the 
absorption  with  inverse  saturation  from  excited  vibronic  states  of  the  fullerene 
molecule.  This  phenomenon  is  called  as  the  “reverse  saturable  absorption  (RSA)”. 
When  the  incident  radiation  energy  (or  power)  density  is  high,  the  RSA  process  is 
accompanied  by  the  other  photoinduced  processes,  a  role  of  which  varies  in  different 
fullerene-containing  media. 

First  of  all,  we  consider  the  photodynamics  of  the  absorption  mechanisms  in  the 
optical  limiting. 

Figure  2  presents  the  simplified  schematic  for  the  energetic  states  of  the  frillerene 

molecule,  responsible  for  the  limiting  in  the  visible 
and  near  IR  range  [2].  It  also  shows  the  main 
processes:  absorption  of  light  from  the  ground 
singlet  state  So  (transition  Sq-Sx),  interconversion 
between  the  singlet  and  triplet  states  of  the 
molecule  (Si-Tj),  light  absorption  from  the  excited 
states  Si-Sn  and  Ti-Tn,  and  inverse  non-radiative 
transitions.  If  the  cross-section  of  excitation  from 
the  excited  states  exceeds  the  cross-section  of  the 
transition  from  the  ground  singlet  state,  i.e.,  if 
~ctI>  o-q  »  the  rate  of  light  absorption 
increases  with  rise  of  light  intensity  and  population 
of  the  excited  states.  In  this  case,  the  RSA  process 
takes  place  and  limits  the  transmitted  radiation.  If 
the  pulse  duration  Xl  exceeds  the  time  of 
interconversion  xi  (for  Ceo  molecule  equal  to  1.2 
ns),  the  reverse  saturable  absorption  goes  through  the  triplet  transitions  (Ti-Tn). 
Otherwise,  if  XL<xi,the  absorption  goes  through  the  singlet  transitions  (Si-Sn). 

Spectra  of  absorption  due  to  electronic  transitions  extend  from  200  to  650  run  for 
Ceo,  up  to  700  nm,  for  C70,  and  even  to  1100-1200  nm,  for  higher  fullerenes  C76-84  [3]. 
So,  application  of  different  fullerenes  makes  it  possible  to  obtain  the  optical  limiting  in 


Singlet  Triplet 


Figure  2.  Schematic  for  the  energetic 
states  of  the  fullerene  molecule 
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the  wide  spectral  range  at  the  required  ratio  of  cross-sections  from  the  excited  and 
ground  states. 


Ei„=1.0  J/cm^ 
n, 


a) 


Ein=0.5  J/cm^ 
n, 


b; 

Relath 

intensil 


Ein=1.0  J/cm^ 
n, 


c; 

Relath 
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Figure  3.  Calculated  evolution  for  state  population:  Ceo  in  toluene,  C=lmM,  A,=532nm. 

a)  1  ps,  b)  50  ps,  c)  10ns. 

We  illustrate  this  with  the  calculated  evolution  for  state  population  of  fullerene 
Ceo  molecule  presented  in  Fig.  3  for  pulses  with  duration  of  1  ps,  50  ps,  and  10  ns.  As  it 
is  seen,  at  pulse  duration  less  than  the  time  of  interconversion,  population  of  the  singlet 
states  significantly  exceeds  population  of  the  triplet  states  during  the  pulse.  Otherwise, 
population  of  the  triplet  states  dominates  already  about  1  ns  after  the  pulse  beginning. 

Figure  4  presents  the  calculated  transmission  of  the  fullerene-containing  specimen 


(Ceo  in  toluene)  as  a  function  of  the  incident  radiation  wavelength  from  300  to  650  nm 
at  different  input  energy  densities  and  pulse  duration  of  10  ns.  As  it  is  seen  from  the 
figure,  at  increase  of  the  input  energy  density  from  50  mJ/cm^  to  5-10  J/cm^  in  the 
specified  spectral  range  except  the  area  from  330  to  340  nm,  we  observe  decrease  of 
transmission  with  saturation  and  limiting  of  the  passing  radiation  energy.  Analogous 
dependencies  take  place  also  for  pulse  duration  of  50  ps,  although  the  optical  limiting  in 
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this  case  is  performed  through  the  channel  of  singlet  transitions.  The  same  dependencies 
are  presented  also  for  pulse  duration  of  1  ps;  the  signal  attenuation  is  obviously 
observed. 

The  presented  results  show  that  the  fullerene-containing  media  such  as  solution  of 
Ceo  is  the  wideband  fast-response  limiter  of  laser  radiation  in  the  range  from  300  to 
650  nm.  However,  it  is  necessary  to  consider  the  potentialities  of  protection  from  power 
laser  radiation  at  wavelengths  of  1.06  and  1.315  pm.  For  this  puipose,  we  pay  attention 
to  higher  fullerenes  C70  and  C76-84'  Calculation  of  state  populations  in  C76  shows  that 
due  to  low  quantum  yield  at  interconversion  (fr=0.05)  during  a  nanosecond  pulse,  the 
RSA  at  wavelength  of  1.06  pm  may  be  performed  via  the  singlet  states  (Fig.  5). 


Figure  5.  a)  Transmission  of  C76  solution  in  toluene  (C=0.8mM)  as  a  function  of  wavelength.  Input 
energy  density  is  10J/cm^  pulse  duration  is  10  ns.  Dashed  curve  shows  a  transmission  at  low  input  energy 

density. 

b)  Calculated  population  of  levels  So,  S,,  and  T,  during  a  laser  pulse  at  two  edges  of  cell  with 
solution  C76  in  toluene  (C=0.8mM):  Ei„=5J/cm^  X=1062nm,  10ns.  Dashed  curve  shows  an  experimental 

profile  of  a  Nd:YAG  laser  pulse. 

3.  Experimental  results 

The  experimental  studies  of  the  optical  limiting  by  the  fullerene-eontaining  media 
were  performed  with  a  Nd:YAG  laser  at  wavelengths  of  1.064  pm,  532,  and  354  nm 
and  pulse  duration  of  8-10  ns,  a  Nd:glass  laser  with  pulse  duration  of  1.5  ps,  an  exeimer 
laser  at  wavelength  of  308  nm  and  pulse  duration  of  20  ns,  and  a  photodissociative 
iodine  laser  with  wavelength  of  1.315  pm  and  pulse  duration  of  10  ns.  We  studied 
different  fullerene-containing  media:  Ceo  and  C70  in  different  solvents:  toluene,  CCI4, 
o-xylene  and  so  on.  For  the  optical  limiting  in  the  near  IR  range,  we  used  higher 
fullerenes  C76-84  in  solutions. 

Figure  6  presents  typical  nonlinear  dependencies  of  the  output  energy  densities 
upon  the  input  ones  with  saturation  for  wavelengths  of  308  nm,  582  nm  (Ceo  in  toluene), 
and  1.064  pm  (C76-84  in  toluene).  At  wavelength  of  308  nm,  the  40-fold  attenuation  of 
radiation  was  reached,  at  532  nm,  60-fold  and  100-fold,  for  concentrations  of  0.6  and 
1.5  mM,  respectively.  At  wavelength  of  1.064  pm,  the  optical  limiting  is  less  (4-5-fold 
attenuation)  because  of  low  absorption  from  the  ground  state  in  this  speetral  range  even 
for  higher  fullerenes. 

We  succeeded  to  widen  the  spectral  range  above  1  pm  and  obtain  the  optical 
limiting  at  1.315  pm  by  application  of  complex  composition  C7o-photosensitized 
polyimide  6B  in  1,1,2,2-tetrachloroethane.  Its  use  results  in  occurrence  of  new 
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Figure  6.  Optical  limiting  at  different  wavelength. 

a)  Cso  in  toluene  (1)  (T=66%)  and  (2)  (T=3 1%),  and  in  CCL,  (3) 
(T=47%),  A.=532nm. 

b)  Ceo  in  toluene,  A,=308nm 

c)  Mixture  of  higher  fullerenes  (C76.84),  X=1 .06  pm 

d)  Photosensitized  polyimide  films  with  0.2%  of  C70  (1) 
(T=89%)  and  0.5%  of  C70  (2)  (T=85%),  >.=1.315  pm. 


maximum  in  the  absorption  spectrum  near  1.3  pm  due  to  intermolecular  interactions. 
Figure  6d  presents  the  optical  limiting  at  1.315  pm. 

So,  we  can  see  that  application  of  different  fullerenes  allows  us  to  obtain  the 
optical  limiting  for  all  important  ranges  of  laser  radiation. 

Now  we  pay  attention  to  the  threshold  and  level  of  the  optical  limiting  in  the 
presented  data.  From  Fig.  6  it  is  seen  that  the  level  of  the  saturated  limiting  for  Ceo  in 
toluene  at  532  nm  is  about  0.1  J/cm^  (for  concentration  of  0.6  mM  and  initial 
transmission  of  66%)  and  0.05  J/cm^  (for  concentration  of  1.5  mM  and  initial 
transmission  of  31%).  Here  we  present  the  results  for  Ceo  in  tetrachlorine  carbon,  also. 
The  limiting  threshold  and  level  of  the  saturated  limiting  are  significantly  lower, 
practically  for  the  same  concentrations  of  Ceo.  This  result  is  due  to  influence  of  solvent 
on  the  fullerene  properties. 

So,  here  we  have  illustrated  the  certain  potentialities  in  controlling  the  limiting 
threshold  and  spectral  range  by  selection  of  the  fullerene-containing  media. 


For  application  of  optical  limiters 
of  power  radiation,  the  possibility  to 
create  the  protective  devices  on  base  of 
fullerenes  in  solid-state  matrices  and 
polymer  films  is  very  important. 

As  solid-state  matrices,  we 
developed  sol-gel  and  microporous  Si02 
matrices  doped  with  fullerenes  Ceo  and 
C70.  The  best  results  were  obtained  at 
specimens  with  fullerenes  introduced 


Figure  7. 

1  -  2  nm  microporous  glass  with  Cgo,  T=45%; 

2  -  7  nm  microporous  glass  with  Ceo,  T=46%; 
3-17  nm  microporous  glass  with  Ceo,  T=12%; 
4  -  sol-gel  medium  with  Ceo,  T=75%. 


into  the  microporous  glasses  with  pore 
sizes  of  2,  7,  and  17  nm  performed  by  a 
special  technology.  Fig.  7  presents  output 
energy  density  as  a  function  of  input 


Proc.  SPIE  Vol.  4353 


79 


density  for  solid-state  specimens  of  Ceo  in  sol-gel  matrix  and  microporous  Si02  matrices 
with  different  pore  sizes. 

Here  it  is  important  to  note  that  damage  threshold  of  Ceo  specimens  in 
microporous  Si02  matrix  was  8-10  J/cm^  at  532  nm  for  pulse  duration  of  8-10  ns  and 
more  than  10  J/cm^  for  1.5  ps.  With  these  specimens,  we  obtained  10-fold  optical 
limiting  at  initial  45%  transmission.  Close  results  were  obtained  for  the  polymer  films 
doped  with  fiillerenes. 

4.  Comparison  the  theoretical  and  experimental  results.  Function  of  photo- 
induced  scattering 


Now  we  compare  the  experimental 


Figure  8.  Comparison  of  the  experimental  and 
calculated  (accounting  the  RSA)  data  for 
different  concentration  of  Ceo  in  toluene. 


data  on  the  optical  limiting  at  532  and  308  nm 
by  the  fullerene-containing  media  such  as 
C60  in  solutions,  in  solid-state,  and  polymer 
matrices,  with  calculations,  taking  into 
account  only  absorption  mechanism  (Fig. 
8).  The  comparison  shows  that  the 
experimentally  obtained  attenuation  of 
transmission  significantly  exceeds  the 
calculated  one  for  fullerene  solutions  in 
toluene,  tetrachlorine  carbon,  and  so  on  and 
practically  the  same  for  solid-state  and 
polymer  matrices.  To  explain  these 
phenomena,  we  have  supposed  that 
essential  contribution  to  attenuation  of  the 


Points  are  an  experimental  data.  passed  radiation  is  made  by  photoinduced 

processes  connected  with  change  in  refractive  index  of  the  medium  under  action  of 
power  radiation.  These  processes  are:  change  in  molecular  polarizability  due  to 
populating  of  excited  molecule  states  and  thermal  nonlinearity  of  the  refractive  index 
due  to  extraction  of  the  absorbed  energy  at  non-radiative  transitions.  The  estimates 
show  that  change  in  the  refractive  index  because  of  molecular  polarizability  variation  is 
essentially  (above  1 0-fold)  less  than  the  change  caused  by  the  temperature  factor. 

These  factors  may  cause  defocusing  of  the  transmitted  radiation  at  common  over 
cross  section  variation  of  the  refractive  index  or  photoinduced  scattering  of  radiation  on 
its  small-scale  inhomogeneities.  They  occur  because  of  non-uniform,  as  a  rule,  laser 
radiation  intensity  distribution  and  fluctuations  of  fullerenes  in  solution. 

To  define  value  of  fluctuations  in  the  refractive  index  of  the  fullerene-containing 


medium  during  pass  of  laser  pulse  through  it,  we  used  an  interferometer  technique. 
Contribution  of  the  photoinduced  scattering  was  determined  by  indicatrix  of  the 
transmitted  radiation,  its  pulse  shape,  and  field  strueture  of  the  scattered  radiation. 

Figure  9  presents  the  example  of  measuring  the  output  radiation  scattering 
indicatrix  at  density  of  2.8  J/cm^  and  angular  distribution  of  energy  for  Ceo  in  toluene 
and  in  Si02  matrix.  As  it  is  seen  from  figures,  we  observe  maximum  of  the  scattered 


radiation  at  1-2°  and  sufficiently  uniform  field  of  the  scattered  radiation  extended  up  to 


angles  of  about  30-40°.  Energetic  measurements  have  shown  that  practically  whole 
transmitted  through  the  specimen  energy  is  within  the  angle  of  about  40  and  energetie 


transmission  in  this  angle  is  0.3. 
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Figure  9. 

a,b)  -  Scattering  of  laser  radiation  for  Cso  in  toluene  (1)  and  Si02-matrix  doped  by  fulleren  (2). 

c)  -  Limiting  level  as  a  function  vision  field  angle:  (1)  -  Cso  in  toluene,  (2)  -  microporous  glass  with  Cso 

It  is  necessary  to  note 

that  at  low-intensity  irradiation  of  Ceo  in  toluene,  we  did  not  observe  the  scattering.  It 

appears  at  occurrence  of  nonlinear  absorption  and  increases  with  rise  of  the  input 
energy.  The  photo  of  the  photoinduced-scattered  radiation  field  shows  that  it  is 
coherent,  since  the  obtained  image  has  a  speckled  form.  The  scattering  is  observed 
during  the  laser  radiation  pulse  passing  through  the  medium. 

It  is  clear  that  the  degree  of  the  optical  limiting  strongly  depends  on  the  vision 
field  angle  of  the  receiver.  At  the  angle  of  1-2°  as  it  is  in  our  experiments  and  that 
corresponds  to  the  parameters  of  most  optical  devices,  the  scattered  radiation  is  cut  off, 
and  we  observe  60- 100- fold  limiting  for  Ceo  in  solutions. 

For  Ceo  in  solid-state  Si02  matrix,  the  photoinduced  scattering  is  practically 
absent,  as  it  is  seen  in  the  plot.  Sharp  peak  of  the  energetic  distribution  corresponds  to 
angular  divergence  (1.8- 10'^  rad.)  of  the  laser  and  low-intensity  (approximately  3%) 
wing  of  the  scattered  radiation  covers  about  1°.  Due  to  this,  the  optical  limiting  by  solid- 
state  fullerene-containing  media  is  satisfactorily  described  with  the  RSA  mechanism 
only. 

The  theoretical  analysis  is  performed  in  the  framework  of  self-congruent  solutions 
of  the  equations  for  laser  radiation  propagation  in  the  medium  and  acoustic  equation  for 
relative  perturbation  of  density  due  to  spatial  inhomogeneities  of  the  incident  beam 
radiation  and,  hence,  temperature  non-uniformity.  The  task  was  solved  for  “thick” 

medium,  where  diffraetion  length Lj is  less  than  the  eell  length L{Lj  =  —  «L,  where 

A 

At  is  the  typical  size  of  inhomogeneities  and  A  is  the  radiation  wavelength).  In  these 
conditions,  scattering  on  the  inhomogeneities  leads  to  change  in  spatial  structure  of 
radiation.  Considering  the  conditions  of  thermal  evolution  of  the  inhomogeneities  and 
wave  interaction,  we  can  estimate  scales  of  the  inhomogeneities,  evolving  in  the 
medium: 

2  pm<yl7<40  pm. 

This  range  corresponds  to  the  scattering  angles 

0.5°<a<10° 

Scattering  into  larger  angles,  observed  in  the  experiment  seems  to  be  connected 
with  scattering  to  higher  orders  of  diffraction  (Fig.  10).  For  evolution  of  small-scale 
inhomogeneities  of  density  and,  hence,  of  refractive  index,  medium  viscosity  is  the 
important  parameter.  The  higher  viscosity,  the  narrower  range  of  small-scale 
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Figure  10.  Scattering  Figure  11.  Optical  limiting  laser  pilse  during  1.5  ps  in  fullerene- 

indicatrice  of  Gauss  pulse,  containing  solutions  and  solid-state  matrices, 

containing  a  number  of  FS  Ceo+CCL,,  T=50%  (1);  Cgo+toluene,  T=48%  (2), 

initial  inhomogeneities  in  the  T=92%  (3). 

range  3-13  pm.  Modulation  2  nm  microporous  glass  with  Cgo,  T=77%  (1), 

depth  =5-30%.  Input  energy  7  nm  microporous  glass  with  Ceo,  T=55%  (2). 

density  =1.5  J/cm^. 

inhomogeneities,  which  can  evolve  in  the  medium.  It  seems  to  us  that  sound  decay  due 
to  viscosity  results  in  absence  of  nonlinear  scattering  in  the  fullerene-containing  glass 
matrices  contrary  to  the  solutions.  Here  it  is  necessary  to  note  that  the  nonlinear 
scattering  was  not  observed  in  our  experiments  on  the  optical  limiting  in  fullerene- 
containing  media  (Ceo  in  toluene  and  tetrachlorine  carbon)  at  532  nm,  when  the  pulse 
duration  was  1.5  ps.  It  is  clear  that  during  this  time,  the  small-scale  inhomogeneities  do 
not  succeed  to  evolve,  and  only  the  RSA  mechanism  operates. 

Figure  1 1  presents  the  results  of  experiments  and  calculations  (with  account  of  the 
RSA,  only)  for  the  optical  limiting  in  the  fullerene-containing  solutions  and  solid-state 
Si02  matrix  at  pulse  duration  of  1.5  ps,  confirming  these  suppositions.  Amplification  of 
the  photoinduced  scattering  role  may  significantly  increase  the  dynamic  range  of  the 
optical  limiting  in  the  fullerene-containing  media. 

5.  Multistep  optical  limiter 


For  the  optical  limiting,  the  dynamic  range  is  a  significant  factor.  Its  upper  limit  is 
defined  by  the  damage  threshold  of  the  fullerene-containing  matrix  (or  cell  walls)  and 


Figure  12.  Results  of  model 
calculations  for  multistep  limiting 
(one  section  thickness  is  3  mm). 


lower  limit,  by  the  nonlinear  limiting  threshold. 
This  is  why  the  possible  approach  to  design  of  the 
optical  limiter  is  a  multistep  system  with  location 
of  limiting  units  in  the  converging  beam. 

The  experimental  test  of  two-step  scheme 
with  focusing  at  second  pass  through  the  cell 
allowed  us  to  obtain  radiation  attenuation  equal  to 
5-10^  at  maximum  input  energy  density  of 
8  J/cm^.  Figure  12  presents  our  model 
calculations  of  radiation  attenuation  by  multistep 
limiters  on  C60  in  toluene  with  concentration  of 
1  mM  and  initial  one-step  transmission  of  50%. 
These  results  take  into  account  the  RSA  and 
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nonlinear  scattering  by  introduction  of  effective  empiric  coefficient  of  absorption.  It  is 
seen  that  the  four-step  limiter  makes  it  possible  to  realize  dynamic  range  of  more  than 
10®  (from  10  J/cm^  of  input  energy  density  defined  by  the  damage  threshold  of  the  cell 
to  several  mJ/cm^  of  the  output  energy).  The  system  optimization  (on  number  of  steps, 
fullerene  concentration,  and  location  of  elements)  may  increase  the  dynamic  range 
approximately  to  10^  [4]. 


6.  Conclusions 

Study  of  photodynamic  processes  in  the  fullerene-containing  media  shows  the 
various  role  of  photoinduced  processes  (absorption  and  photoinduced  scattering)  in 
solutions  and  solid-state  matrixes. 

For  fullerene-containing  media  it  is  possible  to  obtain  essentially  wide  dynamic 
range  of  optical  limiters. 
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ABSTRACT 

We  oresent  the  results  of  chemical  development  and  optical  investigation  of  the  extraordinarily  large  photorefractive  effect 
in  the  new  polymer  nanocomposites.  The  composites  are  composed  of  poly(ethynylene)arylenesilanes  ^  optical 
chromophores,  poly(9-vinylcarbazole)  as  photoconductor,  N-ethylcarbazole  and  phenyitrime&ox^ilane  as  plasticizer,  and 
C^n  and  Ceo  fullerenes  as  charge  generators.  The  magnitude  of  the  change  in  photorefractive  mdex  ^d  its  ongm,  an 
temporal  behavior  were  studied  at  633  nm  by  a  variety  of  nonlinear  optical  techniques,  mcludmg  nonlmear  lens  method, 
four-wave  mixing  and  two-beam  coupling.  The  relaxation  time  of  the  photorefractive  mdex  changed  m  a  range  from  a  few 
seconds  to  tens  of  minutes  at  changing  beam  intensity. 


Keywords.-  Photorefraction  in  polymers;  four-wave  mixing,  two-beam  coupling,  optical  chromophores. 


1.  INTRODUCTION 

The  photorefractive  (PR)  polymeric  materials  have  been  extensively  investigated  since  early  1990s  due  to  a  variety  of 
potentially  important  applications,  including  high-density  optical  data  storage,  many  image  processing  techniques,  phase 
conjugation  simulations  of  neural  networks  and  associative  memories,  and  progr^nmable  optical  mterconnection.  Some 
kinds  of  polymeric  materials  are  investigated  as  components  for  PR  compositions.  We  r^ort  on  the  mvestigation  of  new 
PR  polymer  nanocomposites.  The  composites  are  composed  of  several  components  and  mclude  new  nonlmear  optical 
materials.  Si-containing  conjugated  polymers  -poly(ethynylene)arylenesilanes  (PEASs)  as  optical  chromophores. 

The  PR  effect  can  be  observed  in  certain  materials  which  both  photoconduct  and  show  a  dependence  of  the  refractive  index 
on  the  electric  field  The  components  necessary  to  produce  PR-material  are  therefore  a  photoionizable  charge  gmerator,  a 
transporting  medium,  trapping  sites,  and  a  dependence  of  index  of  refraction  upon  space-charge  field.  Die  microsc^ic 
processes  required  to  produce  a  hologram  by  the  PR  mechanism,  are  shown  in  Fig.  1  (a  drawmg  from  the  considerable  body 
of  prior  work).'-^  The  pattern  of  light  intensity,  interference  field  of  two  plane  waves  with  spatial  period  Ag  for  instance, 
produces  charge  generation.  In  our  composites  the  fullerenes  C®  and  C70  play  a  role  of  charge  genera-tor.  The  fiillermes  are 
known  to  be  used  as  charge  generator  components  in  a  number  of  previous  works.  The  generated  m  the  illummated  ^ea 
holes  with  positive  charge  move  to  a  dark  area  due  to  diffusion  caused  by  density  gradients  or  drift  m  ext^ally  appli^ 
electric  field,  hi  essentially  all  of  the  cases  described  in  tiie  literature,  drift  is  the  dominant  mechanism  for  charge  transport 
which  stimulates  charge  to  hop  from  one  transport  molecule  to  another.^  To  realize  this  step  we  u^d  a  well  known  charge 
trmsport  agent  poly(9-vinylcarbazole)  (PVK)  in  our  composites.’;^  The  next  element  for  tiie  PR  effect  is  the  trappmg  sites 
which  hold  the  mobile  charge.  In  polymeric  materials,  the  exact  identity  of  the  trapping  sites  is  hardly  known  m  detail.  In 
general,  a  trapping  site  is  a  local  region  of  the  material  where  the  mobile  charge  is  prevented  from  movement  for  some 
period  of  time.  When  charge  carriers  are  separated,  the  space  charge  distribution  produces  a  space 
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charge  electric  field.  Since  Poisson  electrostatic  equation  relates  the  spatial  gradient  of  the  electric  field  to  the  charge 
distribution,  the  resulting  internal  electric  field  is  shifted  in  space  by  ji/2  relative  to  the  trapped  charge.  Finally,  if  the 
material  has  a  linear  electrooptic  effect,  the  magnitude  of  the  index  modulation  An  is  related  to  the  magnitude  of  the  space- 
charge  field  Esc  by  the  relation 


An  =  -{l/2)nVe£’sc 


(1) 


where  is  the  effective  electrooptic  coefficient  for  the  geometry  under  consideration.  To  provide  the  dependence  of 
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Fig.  I.  The  mechanism  of photorefractive  grating  formation  in  polymer  composition 


Proc.  SPIE  Vol.  4353 


85 


the  refractive  index  on  the  electric  field  the  Si-based  conjugated  polymers  poly(ethynylene)arylenesilanes  (PEASs)  with 
extraordinary  large  hyperpolarizability  were  used  as  optical  chromophores.  The  second-order  nonlinearity  murt  be  mduced 
in  the  polymer  by  applying  the  electric  field  to  align  the  chromophores  and  remove  the  center  of  symmet^  which  would  be 
present  in  a  random  distribution.  Since  the  chromophores  have  orientational  mobility,  a  spatially  periodic  orientational 
pattern  is  produced  as  the  electric  field  orients  the  molecules  by  virtue  of  their  ^ound-state  dipole  moment.  As  Fig  1 
illustrates  (right  side),  if  no  dc  electric  bias  field  is  present,  the  resulting  modulation  of  index  of  refraction  is  at  half  the 
spatial  period  Ag  of  the  intensity  pattern.  When  the  bias  field  is  present  (left  side  of  Fig.  1),  the  modulation  appears  at  Agas 
well  and  can  contribute  to  the  first-order  Bragg-diffracted  beam. 

Thus,  we  used  the  following  structure  of  the  polymer  composites: 

1 .  Charge  generator  -  fullerene  C70  or  C«) 

2.  Charge  transport  agent  -  poly(9-vinylcarbazole)  (PVK) 

3 .  Optical  chromophore  -  poly(ethynylene)arylenesilanes  (PEASs) 

4.  Plasticizer  -  N-ethylcarbazole  (EK)  and  phenyltrimethoxysilane  (PTMS) 

The  chemical  structure  of  three  modifications  of  PAES  is  shown  in  Fig.  2.  These  polymers  contain  donor  and  acc^tor 
groups,  which  are  necessary  for  these  materials  to  be  used  as  optical  chromophores.  The  large  valu^  of  hyperpolanzability 
of  these  polymers  were  tested  recently  by  four-wave  mixing.’  Samples  were  prepared  by  sandwiching  a  layer  of  composite 
material  50-250  |im  in  thickness  between  glass  slides  coated  with  transparent  indium  tin  oxide  electrodes. 


donor  group 


acceptor  group 


donor  vroun  acceptor  group 


Fig.  2  Chemical  structure  of  three  modifications  of  PAES. 
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2.  NONLINEAR  LENS  FORMATION  IN  POLYMER  PR  COMPOSITES 


The  simplest  test  for  optical  ncmlinearity  is  nonlinear  lens  formation.  The  setup  xised  for  this  test  is  shown  in  Fig.  3.  A  beam 
from  a  cw  He-Ne  laser  at  a  wavelength  of  633  nm  was  focused  by  a  lens  with  a  focal  distance  of  12  cm.  The  polymer  film 
was  placed  in  the  plane  of  maximum  sensitivity  after  the  focal  plane.  The  formation  of  diffraction  rings  was  observed.  The 
number  of  rings  and  the  relaxation  time  depended  on  the  beam  intensity  (Fig.  4).  A  change  of  intensity  by  one  order  of 
magnitude  (from  120  to  5  Wcm'^)  led  to  an  increase  in  relaxation  time  also  by  one  order  of  magnitude  (from  30  s  to  7  min), 
wftich  is  common  for  PR  nonlinearity.  The  maximum  number  of  rings  achieved  10,  which  corresponds  to  reflective  index 
changes  up  to  0.02. 


Fig.  3.  The  setup  for  observation  of  nonlinear  lens  formation. 
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Fig.  4.  Number  of  rings  (1,2)  and  intensity  (3)  as  a  function  of  time  for  jwlymer  film  with  length  /=250  pm  and 
ingredients;  PVK-35%,  PAES(I)-5%,  €70-!%,  Plasticizer-59%.  Relaxation  time  depends  on  the  beam  intensity.  1  - 
number  of  rings  at  beam  intensity  I  =  120  Wcm■^  2  -  number  of  rings  at  beam  intensity  oscillogram  of  which  is  shown 
by  curve  3. 


Fig.  5  illustrates  the  formation  of  a  nonlinear  lens  in  PR  composition.  The  focused  beam  produces  charge  generation  in  the 
center  of  the  beam.  The  mobile  charges  move  to  the  dark  area  and  are  trapped  there.  So  the  axial  space-charge  field  is 
produced.  The  space-charge  field  leads  to  orientation  of  the  chromophores  and  refractive  index  change. 
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3.  FOUR- WAVE  MIXING  GRATING  MEASUREMENTS 


The  refiractive  index  grating  formation  was 
investigated  in  PR  composites  using  four-wave 
mixing  (FWM)  technique.  The  FWM  setup  is 
shown  in  Fig.  6.  The  original  beam  of  a  He-Ne 
laser  at  633  nm  was  split  into  two  beams  with 
equal  intensities  {Iwi=Iw2  =0.5Wcm'^).  These 
beams  write  the  grating.  The  third  wave  with 
intensity  0.5-Iy,,,  obtained  by  reflecting  the 
first  writing  wave  backward  fi'om  the  mirror, 
read  the  grating.  The  wave  diffracted  on  the 
grating  Ij  was  registered.  The  diffraction 
efficiency  of  the  grating,  determined  as  =  /^  / 
/,  was  st^ied  (Fig.  7).  It  took  about  7  min  for 
the  grating  to  be  written.  The  lifetime  of  the 
grating  after  recording  depended  on  the 
illumination. 


Fig.  6.  The  setup  of  FWM  measurements. 


Fig  7.  Diffraction  efficiency  of  the  grating  {D  =  Ijl  Ir)  as  a  function  of  time  on  different  time-scales  and  under  different 
erasure  conditions:  a)  after  recording,  I„2  was  switched  off,  the  erasure  of  the  grating  was  caused  by  waves  1^2  and  4 ,  b) 
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after  recording,  I„2  and  were  switched  off,  the  erasure  of  the  grating  was  caused  by  dark  conductivity  and  pulsed 
illumination  with  period  of  2  min  made  for  measurement  of  D.  1  -  /=50  pm,  PEAS(IIl-5%,  PVK-45%,  €70-!%,  EK-25%, 
PTMS-24%,  2  -  /=50  pm,  PEAS(])-5%,  PVK-45%,  C7rl%,  EK-25%,  PTMS-24% 

Two  cases  were  compared;  1)  only  one  of  the  writing  waves  7*2  is  switched  off  after  the  grating  has  been  written,  and  2)  all 
beams  are  switched  off  after  the  grating  has  been  written,  the  diffraction  efficiency  was  measured  by  pulses  of  /wi  and 
with  period  of  2  min.  It  was  found  that  the  grating's  lifetime  increased  from  10  min  under  illumination  to  40  min  under 
dark  conditions.  The  maximum  value  of  D  achieved  1 .2x10'^. 

4.  TWO-BEAM  COUPLING  EXPERIMENT 

The  PR  nonlocal  origin  of  the  q)tical  nonlinearity  of  the  samples  was  verified  using  a  standard  two-beam  coupling  (TBC) 
setup  (Fig.  8).  The  pump  and  probe  beams  intersected  in  the  sample  at  an  angle  of  about  0.03  rad.  The  pump-to-probe  ratio 
was  ^=Ipum,JIprobe"^'2’^-  K  was  observed  that  the  probe  beam  increases  in  the  presence  of  a  pump  beam  (Fig.  9).  The  two- 
beam  coupling  gain  coefficient  was  determined;  r=  [ln(7P)-ln(P+l-y)]/4ff ,  where  'rlpr„be,»ih  pum/ pump ,  ks  is  the 
effective  length.  TBC  gain  F  was  67  cm  ’ ,  with  no  net  gain  due  to  relatively  high  absorption  coefficient  Cf=87  cm"’. 


Time,  min 


Fig.  9.  Oscillograms  of  the  probe  beam.  The  moment  t  =  0  corresponds  to  switching-on  the  pump  beam.  (1)  PEAS(I)-5%, 
PVK-45%,  C6o-l%,  EK-25%,  PTMS-24%;  r(i)=67  cm’’,  absorption  coefficient  0((2)=87  cm'*,  £0=16  V/pm;  (2) 
PEAS(III)-5%,  PVK-45%,  C7o-l%,  EK-25%,  PTMS-24%;  r(2)=52  cm"’,  absorption  coefficient  ot(i)=194  cm"’,  E(f=16 
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V/nm;  (3)  PEAS(I)-5%,  PVK-45%,  C6o-l%.  EK-25%,  PTMS-24%;  r(3)=7  cm’',  absorption  coefficient  a0=^^  cm’', 

Eiro’ 

It  should  be  noted  that  small  TBC  gain  F  =  7  cm'*  was  observed  even  at  zero  bias  field.  This  fact  can  be  explained  by 
asymmetry  of  orientations  of  chromophores.  Such  asymmetry  can  take  place  similarly  as  m  sol-gel  composites  based  on  a 

similar  host  polymer.* 

Direct  measurements  of  the  phase  shift  of  the  refiactive  index  grating  from  the  light  intensity  pattern  were  carried  out. 
When  the  grating  was  written,  the  sample  was  moved  along  the  x-axis.  The  dependence  of  the  probe  beam  power  on  the  x- 
shift  was  studied  (Fig.  10).  A  maximum  of  the  TBC  gain  was  observed  at  x  =  0.  This  fact  shows  a  7t/2-phase  shift  between 
the  grating  and  the  interference  field.  The  theoretical  prediction  of  this  dependence  can  be  wntten  as; 

7"“  exp{sin[27Cx/A+0]},  (2) 

where  A=22  pm  is  the  grating  period.  The  theoretical  curve  7(x)  (2),  assuming  <I>  =  idl,  is  shown  in  Fig.  10.  Good 
agreement  between  theory  and  experiment  can  be  seen. 
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Fig.  10.  The  dependence  of  the  probe  beam  power  on  the  x-shift  of  the  sample  PEAS(III)-5%,  PVK-45%,  Cyo-F/o.  EK- 
25%,  PTMS-24%.  Circles  -  experimental  data  and  theoretical  curve. 


5.  CONCLUSION 

The  photorefractive  properties  of  compositions  based  on  fullerene  as  a  charge  generator,  PVK  as  an  electroconductor, 
novel  optical  chromophores  PEAS's  and  plasticizers  EK  and  PTMS  are  investigated. 

1.  The  experiments  on  nonlinear  lens  formation  and  four-wave  mixing  showed  the  formation  of  refiuctive  index 
pattern  with  relaxation  time  dependent  on  beam  intensity. 

2.  Two-beam  coupling  gain  and  a  7i;/2-phase  shift  of  the  grating  from  the  interference  field  were  demonstrated. 
These  facts  indicate  the  nonlocal  photorefractive  origin  of  the  refiactive  index  changes. 
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ABSTRACT 

High  contrast  fast  switch  of  transmission  in  optical  channels  of  iodine  laser  facilities  is  supplied 
with  liquid  bleachable  dye  cells.  New  dye  cell  designs  which  combine  the  functions  of  an  optical 
shutter  and  a  soft  diaphragm  are  considered.  70-100  mm  in  diameter  cell-apodizers  of  two  types 
(with  profiled  absorbing  liquid  layer  and  profiled  transmission  of  optical  components)  are  developed. 
Cells  with  profiled  absorbing  layer  contain  meniscus-lens  spacer,  which  cancels  the  optical  power  of 
the  device.  Cells  with  plane  parallel  liquid  layer  contain  windows  with  profiled  transmission.  The  laser 
shot-blasted  technology  for  the  surface  and  volume  processing  of  the  cell  windows  was  used.  For  » 
1%  initial  transmission  at  the  laser  beam  axis  the  cells’  bleaching  reaches  70%,  and  the  contrast  ratio 
of  the  cells’  transmision  profile  fi-om  the  beam  axis  to  the  periphery  may  reach  K«1000.  The 
application  of  high-aperture  cell  apodizers  in  the  iodine  laser  optical  channel  will  make  it  possible  to 
eliminate  the  influence  on  the  beam  profile  of  the  disturbances  in  a  gaseous  active  medium  at  the 
periphery  of  amplifier  modules  caused  by  the  open  discharge  used  for  pumping,  and  to  form  a 
smoothed  spatial  profile  of  the  laser  beam. 

Key  words:  decoupling  dye  cells,  apodizers. 


One  of  the  important  requirements  to  the  laser-matter  interaction  experiments  lies  in  the  availability 
of  high  contrast  fast  optical  shutters  in  optical  channels  of  the  laser  facihty,  which  decouple  the 
amplifier’s  modules  and  break  the  laser-target  feedback.  Liquid  bleachable  dye  cells  are  reUably  used 
as  such  optical  shutters  in  powerful  iodine  laser  facihties  of  different  optical  schemes.  The  cells  with 
the  apertures  fi-om  0  100  to  0  400  mm  and  filled  with  the  N  1067  dye  solution  have  been 
successfully  utilized  in  the  optical  channels  of  “Iskra-5”  laser  facihty  [1],  Fig.l,  for  many  years.  For 
sl%  initial  transmission  of  the  dye  solution  at  1.315  pm  working  wavelength  of  the  iodine  laser  the 
cells’  bleaching  reaches  70%.  Such  characteristics  of  the  cell-passive  shutters  are  reproduced  with 
practically  no  degradation  during  hundreds  of  shots.  When  the  pulse  with  the  energy  of  =  0.4  J  comes 
from  the  master  oscillator-preamplifier  system  to  the  input  of  the  channel,  the  output  radiation  energy, 
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after  5  amplifying  cascades,  reaches  ^600  J,  the  pulse  duration  being  0.25  ns  and  the  divergence,  0. 1 
mrad  [1],  The  radiation  contrast  at  the  output  exceeds  the  registration  threshold  of  =10*.  So,  the 
availability  of  a  set  of  cell-shutters  in  the  ‘Tskra-5”  laser  facility  allows  one  both  making  the 
experiments  on  plasma  heating  by  the  laser  pulses  with  the  brightness  of  s410^*  W/sterad,  and 
blocking  (at  the  target)  of  the  amplified  spontaneous  emission  radiation  of  the  laser  with  the  contrast 
ratio  of  Ife  10*. 

High-aperture  dye  cell  was  used  also  in  the  optical  scheme  of  a  two-pass  iodine  laser  amplifier  with 
the  output  energy  of  10^  J.  The  optical  scheme  of  such  an  amplifier  is  analogous  [2],  and  is  shown  in 
Fig.  2.  The  scheme  involves  the  following  elements:  the  amplifier  module;  the  turning  mirrors;  the  cell 
with  liquid  nonlinear  absorber;  the  spatial  filter  with  diaphragms.  A  two-pass  amplifier  provides  a 
necessary  amplification  of  =  IJ  input  pulse  energy.  With  the  help  of  a  spatial  filter  the  radiation  is 
introduced  into  the  amplifier  (A),  the  beams  are  spatially  separated  at  the  1*^(8)  and  2”^  (C)  passes, 
where  the  pulse  is  extracted  from  the  amplifier.  The  nonlinear  liquid  absorber  cell  with  the  light 
diameter  0  400  mm  provides  the  necessary  stabihty  of  the  amplifier  to  self-excitation. 

So,  the  cell-shutters  with  bleachable  liquid  present  an  important  functional  element  of  the  optical 
channel  of  a  powerful  iodine  laser.  Here  we  report  about  the  development  of  passive  cell-shutters  with 
soft  apertures.  Such  cells  combine  the  functions  of  an  optical  shutter  and  a  laser  beam  apodizer.  The 
apodization  (smoothing  of  the  periphery  parts)  of  the  laser  beams  in  the  iodine  lasers  pumped  by  an 
open  discharge  may  be  used  to  eliminate  the  influence  on  the  beam  profile  of  the  disturbances  in  a 
gaseous  medium  at  the  periphery  of  the  amplifier  modules  caused  by  the  open  discharge.  Moreover,  it 
is  known  that  the  apodized  laser  beams  turn  to  be  more  stable  to  self-focusing  [3]. 

Figure  3  illustrates  the  schemes  of  the  developed  cell-apodizers  of  two  types.  The  cell  presented  in 
Fig.  3a  consists  of  two  windows  in  the  form  of  plane-parallel  plates  at  the  optical  contact  with  the  cell 
spacer  (0-ring  plate).  The  soft  diaphragm  is  formed  in  one  of  the  cell  windows  by  means  of  the  laser 
treatment  of  the  plate  volume  [4].  In  the  cell  shown  in  Fig.  3b  the  soft  diaphragm  is  formed  by  means 
of  the  profiling  of  a  bleaching  liquid  layer.  The  dye  solution  fills  the  gap  of  a  variable  thickness 
between  one  of  the  cell  windows  and  a  glass  meniscus  spacer,  the  other  (buffer)  gap  is  filled  with  a 
transparent  liquid  [4]. 

In  the  calculations  of  the  characteristics  of  the  bleaching  dye  cell-apodizers  we  have  used  the  data 
on  the  N  1067  dye  from  the  experiments  made  at  “Iskra-5”  facility  and  at  the  high-aperture  two-pass 
amphfier  facility.  The  experimental  data  on  the  N  1067  dye  bleaching  for  nanosecond  pulses  were 
approximated  by  a  semi-empirical  dependence  between  the  transmission  coefficient  of  the  absorbing 
layer  T  and  the  incident  intensity  [4].  Figure  4  presents  the  calculated  data  for  the  cell-apodizer  of 
Fig.3a-type,  but  with  the  light  diameter  of  96  mm.  Figure  4a  illustrates  computer  simulation  for  the 
small-scale  inhomogeneities  distribution  in  the  cell  window  aperture,  which  provides  the  super- 
Gaussian  transmission  function  with  the  index  N=12: 

T(r)  =  exp(-ln(K(r/ro)‘^))  (1) 

Here  r  is  the  radius;  2ro  =  96  mm,  the  plate  light  diameter;  K  =T(0)/T(48)=100,  the  transmission 
contrast.  The  cell  with  the  window-apodizer  ensures  different  transmission  functions  for  two  possible 
orientations  of  the  cell  to  the  incident  laser  beam.  If  the  window-apodizer  is  placed  at  the  cell  output, 
then  the  intensity  profible  of  the  passed  laser  beam  will  correspond  to  the  apodizer  transmission 
function.  When  the  window-apodizer  is  placed  at  the  cell  input,  then  the  contrast  of  the  laser  beam 
profile  at  the  cell  output  may  be  increased  due  to  the  nonlinear  properties  of  the  dye.  The  curves  in 
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Fig.  4b  illustrate  the  transformation  of  the  profile  of  the  incident  laser  beam  with  a  homogeneous 
intensity  distribution  I(r)=I(0)=0.4  jW  which  passes  successively  the  window-apodizer  and  the 
plane-parallel  layer  of  the  dye  in  the  cell  with  the  initial  transmission  T  =  1%.  The  upper  curve 
illustrates  the  super-Gaussian  transmission  profile  (1)  with  K=100  of  the  window-apodizer.  After 
passing  the  dye  layer  this  profile  is  transformed  into  the  profile  with  K  =  1000.  So,  there  is  a 
possibility  to  choose  the  transmission  function  of  the  cell-apodizer  with  a  bleaching  dye.  Figure  5c 
presents  a  comparison  of  the  calculated  intensity  profiles  of  the  laser  beams  in  the  Fresnel  dififaction 
zone  (200  m  fi-om  the  aperture)  which  have  passed  through  the  096  mm  cell-apodizer  with  the  super- 
Gaussian  transmission  function  (1)  and  096  mm  “hard”  aperture  (upper  curve). 

The  profile  of  the  front  surface  of  the  glass  meniscus  spacer  for  the  cell  of  Fig.3b  type  (the  light 
aperture,  2ro  =  70  mm)  has  been  calculated  in  such  a  way  that  the  cell  transmission  profile  for  the  0.4 
ns  laser  pulse  (the  energy  density  0.4  J/cm^)  would  correspond  to  a  super-Gaussian  function  with  an 
index  N=6.  The  initial  data  are  as  follows:  To=l%,  ho=0.5  mm,  2ro=70  mm;  indices  of  refraction  for 
liquid  ni  =  1.6945,  and  for  glass  112  =  1.5031;  dye  absorption  coefficient  k  =92  cm'\  The  expected 
transmission  coefficient  at  the  cell  axis  under  the  dye  bleaching  is  65  %;  the  transmission  coefficient 
over  the  aperture  in  the  bleached  state  is  30%;  the  contrast  K=1000.  Figure  5  presents  the  intensity 
distribution  in  the  beams  from  the  “soft”(left)  and  “hard”  (right)  diaphragms  0  70  mm  in  the  Fresnel 
diffraction  zone,  the  distances  from  the  point  of  observation  to  the  diaphragms,  z  =20  m  (a),  z  =  200 
m  (b).  The  comparison  of  beam  profiles  in  Figs. 4  and  5  shows  that  for  the  developed  cell-apodizers 
with  a  super-Gaussian  functions  of  transmission  one  can  expect  a  sufficiently  high  level  of  smoothing 
of  the  intensity  distribution  in  the  passing  laser  beam. 

Presently,  within  the  framework  of  ISTC  Project  651-B  we  have  manufactured  and  prepared  for 
the  experiments  several  samples  of  cell-apodizers  for  the  iodine  laser. 

The  cell-apodizers  developed  within  this  ISTC  Project  combine  the  functions  of  a  passive  shutter 
and  a  soft  diaphragm,  and  can  be  of  interest  for  the  application  in  different  lasers.  The  existing  set  of 
bleaching  liquids  makes  possible  the  application  of  cell-apodizers  in  solid-state  (Nd,  Yb,  Ti-sapphire) 
and  gas  (iodine,  excimer)  lasers.  Such  cells  may  find  application  not  only  in  the  optical  channels  of 
powerful  laser  facilities,  but  also  for  Q-switching  and  selection  of  transversal  modes  in  master 
oscillators. 
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Figure  Captions 

Fig.l.  Optical  scheme  of  a  laser  channel  of  ‘Tskra-5”  facility;  (MO-PA)  -  master  oscillator- 
preamplifier  system;  (BS)  -  beam  splitting  system;  A1-A4  -  main  amplification  cascades;  SFl-3  - 
spatial  filters;  C1-C4  -  dye  cells. 

Fig.2.  Optical  scheme  of  a  two-pass  iodine  laser  with  a  high-aperture  decoupling  cell:  1,8  -  turning 
mirrors;  2  -  a  cell  with  a  nonlinear  liquid  absorber;  3  -  amplifying  module;  4,7,9  -  spatial  filter  lenses; 
5  -  spatial  filter  cell;  6  -  diaphragm;  A  -  input  beam;  B  -  a  beam  at  the  1®*  passage  through  the 
amplifier;  C  -  output  beam. 

Fig.  3.  Schemes  of  the  cell-apodizers  with  the  light  diameters  70  mm:  (a)  a  cell  with  plane-parallel 
windows  (1)  and  a  nonlinear  absorber  layer  (3);  «soft»  diaphragm  (2)  is  formed  in  the  volume  of  a 
glass  plate  window,  b)  cell-apodizer  with  a  glass  meniscus  spacer  (2);  (1)  -  windows;  (3)  -  nonlinear 
absorber  layer;  (4)  transparent  liquid. 

Fig.4.  Parameters  of  the  cell-apodizer  (Fig3a  type)  with  a  volume  distribution  of  small-size  scatterers 
over  the  window  aperture:  a)  illustration  of  laser  caverns  distribution  over  the  plate  aperture 
(computer  simulation),  one  scale  division  -  10  mm;  b)  calculated  profiles  of  the  ceU-apodizer 
transmission:  only  the  window-apodizer  profile  (upper  curve);  the  profile  of  the  dye-cell  with  the 
window  apodizer  (lower  curve);  c)  calculated  distributions  of  intensity  in  the  laser  beams,  which 
passed  the  cell-apodizer  0  96  mm  with  a  super-Gaussian  transmission  function,  N=12  (lower  curve) 
and  a  «hard»  diaphragm  0  96  mm  (upper  curve)  in  the  Fresnel  diffraction  zone. 

Fig.  5.  Calculated  intensity  distributions  in  the  Fresnel  diffraction  zone  of  the  laser  beams  which 
passed  the  cell-apodizer  0  70  mm  with  a  super-Gaussian  transmission  function,  N=6  (left  curves)  and 
a  «hard»  diaphragm  with  0  70  mm  . 
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Record  of  dynamic  and  static  holograms  in  thin  fullerene-doped  organic 

films 

N.V.Kamanina*,  L.N.  Kaporskii,  V.N.Sizov,  D.I.  Stasel’ko 
Vavilov  State  Optical  Institute,  12  Birzhevaya  Line,  St.  Petersburg  199034,  Russia 

ABSTRACT 

Under  the  Raman-Nath  diffraction  conditions  the  thin  holographic  gratings  have  been  recorded  in  a  promising  class  of 
Ti-conjugate  organic  materials  based  on  polyimide  and  2-cyclooctylamino-5-nitropyridine.  The  drastic  change  of  refractive 
index  has  been  observed  in  the  systems  doped  with  fullerene  C70.  The  results  have  been  explained  both  by  laser-induced 
conformational  transformations  of  organic  materials  and  by  their  spectral  and  thermal  properties. 

Keywords:  organic  compound,  fullerene,  holographic  grating,  laser 

1.  INTRODUCTION 

At  present  time  a  fullerene  introduction  in  organic  materials  is  widely  used  due  to  high  electron  affinity  of  fullerene  that 
allows  the  intramolecular  donor-acceptor  interaction  to  be  essentially  reinforced  and  the  organic  compound  properties  to  be 
modified  with  ease.  These  effects  were  investigated  in  Cso-poly  [(disilanylene)  oligophenylenes]  structures,'  C6o-2,6-bis(2,2- 
bicyanovinyl)pyridine  thin  films,^  Ceo-polymethacrylate,^''*  and  polyimide-fiillerene  systems.^'*  Electro-optic  modulation  and 
the  angular  dependence  of  holographic  diffraction  in  Ceo-doped  diethylaminonitrostyrene  and  poly(N-vinylcarbazole)  were 
observed  in  the  paper.’  A  significant  increase  in  storage  time  by  thermal  fixing  of  photorefractive  gratings  in  a  fullerene- 
doped  polymeric  composite  of  poly-9-vinycarbazole  and  4-N,N-diethylamino-p-nitrostyrene  was  demonstrated  in  the 
publication.®  It  was  established  that  the  investigation  of  the  reversible  media,  where  the  writing  was  realized,  in  particular, 
with  variations  of  refractive  index,  offered  few  advantages  over  study  of  irreversible  media,  where  a  thermal  write 
mechanism  was  revealed.  Recent  investigations  of  fullerene-doped  organic  systems  have  shown  that  they  hold  the  great 
promise  in  this  direction.’’'" 

In  the  present  paper  the  record  of  thin  phase  holograms  have  been  investigated  in  new  nonlinear  optical  materials  based  on 
fullerene-doped  photosensitive  polyimide  (PI)  and  2-cyclooctylamino-5-nitropyridine  (COANP). 

2.  EXPERIMENT 

Photosensitive  polyimide  6B  with  chemical  formula,  which  was  described  in  paper,"  and  COANP  compound,  which 
peculiarities  were  investigated  in  papers,'’"''  have  been  studied  on  doping  with  fullerene  C70.  The  films  were  prepared  as 
follows.  A  3%  solution  of  PI6B  in  1,1,2,2-tetrachloroetane  (TCIE)  and  a  5%  solution  of  COANP  in  TCIE  were  made.  A 
2.5%  solution  of  non-photosensitive  polyimide  81A'’  in  TCIE  was  used  as  a  film-forming  base  for  COANP  compound.  The 
relation  between  COANP  and  the  film-forming  base  was  2:1.  1-1.5  pm  thick  films  were  spun  on  glass  substrates  coated 
with  transparent  indium-tin-oxide  contact  and  then  were  dried  in  order  to  remove  the  solvent.  The  C70  concentration  in  PI6B 
and  COANP  materials  was  varied  from  0.2  wt.%  to  5  wt.%. 

Holographic  grating  was  recorded  with  a  pulsed  Nd-laser  at  a  wavelength  of  532  nm  and  a  pulsewidth  of  20  ns.  The 
experimental  scheme  was  similar  to  that  presented  in  paper.'"  Two  laser  beams,  which  were  used  to  record  a  sinusoidal 
grating,  formed  a  spot  of  diameter  5  mm  on  the  film  surface.  Power  density  was  varied  from  0.1  to  3  J  cm"’  in  the  plane  of 
the  film.  The  investigations  were  carried  out  at  spatial  frequency  (A)  of  100  mm".  The  grating  was  read  out  in  self- 
diffraction  mode.  Because  the  condition  A"  »d,  where  d  was  a  thickness  of  the  films,  was  met,  the  diffraction  was  obtained 
in  the  Raman-Nath  regime. 
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3.  RESULTS  AND  DISCUSSION 


The  dependence  of  a  first  diffraction  order  response  (t)*)  on  an  input  laser  power  density  (fVin)  is  shown  in  Fig.  1.  Curves  1, 
2  and  3,  4  correspond  to  PI6B  and  COANP  films,  respectively.  Curves  1  and  3  indicate  the  fullerene-free  samples  and 
curves  2  and  4  present  the  fullerene-doped  systems.  The  C70  concentration  is  0.2  wt.%  and  5  wt.%  in  PI6B  and  COANP 
films,  respectively.  We  have  obtained  high  homogenous  films,  the  electronic  photographs  one  of  them,  namely,  PI6B  with 
0.2  wt.%  C70,  was  shown  in  paper. It  should  be  noticed  that  the  samples  remained  undecomposed  at  the  laser  radiation 
power  density  more  than  2  J-cm'^.  It  can  be  explained  by  a  very  high  melting  temperature'®  of  1000°-1100°C  for  the  film 
forming  base,  that  a  little  bit  more  than  its  destruction  temperature. 


Fig.  1.  The  dependence  of  the  first  diffraction  order  response  (t|  )  on  the  input  laser  power  density  (IF|„)  for  fiillerene-free  (1,3)  and  C70- 
doped  (2,4)  films.  The  curves  of  1-2  and  3-4  correspond  to  PI6B  and  COANP,  respectively. 

Let  us  to  discuss  the  data  presented  in  Fig.  1.  The  C70  fullerene  is  shown  to  sensitize  a  photosensitive  polymer.  Thus,  when 
fullerene  is  introduced  in  the  polymer  matrix,  the  diffraction  efficiency  increases  drastically.  The  sensitization  is  likely  to 
result  from  a  larger  increase  in  the  optical  absorption  at  the  laser  wavelength  of  532  nm  for  the  fullerene-doped  PI6B  and 
COANP  structures.  The  absorption  edge  for  fullerene-free  polyimide  is  located  close  to  380-400  nm.  We  observed  before 
that  the  absorption  spectrum  of  PI6B  doped  with  the  fullerene  mixture®  of  Cso  and  C70  was  red-shifted  to  compare  with 
fullerene-free  systems.  The  absorption  spectrum  of  the  C70-PI6B  system  was  red-shifted  by  25-30  nm  from  the  absorption 
spectrum  of  polyimide  sensitized  by  the  C60-C70  mixture.  As  the  result,  the  absorption  spectrum  of  C70-PI6B  was  more 
overlapped  with  the  fluorescence  spectrum  of  the  polyimide  matrix  at  the  wavelength  of  532  nm  and  thus  the  excitation  was 
transmitted  more  efficiently. 

COANP  absorption  spectra  showed  that  the  fullerene-doped  samples  had  significantly  different  speetral  features  than 
fullerene-free  COANP  films,  namely,  there  were  two  additional  absorption  peaks'*  at  490  nm  and  810-820  nm.  It  should  be 
noticed  that  the  absorption  edge  of  pure  COANP  compound  was  430  nm.“  Therefore  in  the  eurrent  experiment  the 
wavelength  of  laser  radiation  coineides  with  the  absorption  band  of  fullerene-doped  films  more  than  that  of  fullerene-free 
structures. 
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It  should  be  noticed  that  fullerenes  reinforce  the  intramolecular  donor-acceptor  interaction  because  they  have  larger  electron 
affinity  than  acceptor  fragments  of  both  PI  and  COANP  molecules.  Moreover,  the  carriers  become  free  after  the  charge 
transfer  to  the  ftillerene  molecule,  where  the  surface  charge  is  delocalized.'  Therefore  the  reinforcement  of  donor-acceptor 
interaction  in  the  films  investigated  because  of  the  free-carrier  absorption  influence  the  drastic  change  of  the  diffraction 
efficiency  in  fullerene-doped  structures.  As  an  additional  evidence  of  the  free-carrier  existence,  dark  conductivity  and 
photoconductivity  of  the  fiillerene-doped  systems  are  at  least  one  order  of  magnitude  more  than  those  of  fullerene-free 
sample.  The  conductivity  has  been  measured  under  bias  voltage  of  20-60  V. 

Using  the  data  from  dependence  presented  in  Fig.  1,  the  threshold  of  the  transition  from  phase  grating  to  amplitude  one  has 
been  determined.  Its  value  is  0.5-0.6  J  cm'^  and  0.9- 1.0  J-cm'^  for  fiillerene-doped  PI6B  and  fiillerene-doped  COANP  films. 
In  this  case  the  transition  from  the  dynamic  hologram  to  the  static  one  has  been  observed.  The  corresponding  photograph  for 
the  C7o-doped  COANP  film  is  presented  in  the  Fig.  2. 


Fig.  2.  The  photograph  of  diffraction  order  maximums  for  C7o-doped  COANP  thin  film. 

It  should  be  noticed  that  the  change  in  the  laser-induced  refractive  index  has  been  found  at  the  threshold  of  the  transition. 
We  have  estimated  the  change  in  refractive  index  using  the  relationship  given  in  the  paper:^' 


tj  =  IJIq=  {nlSn.d  /  iXf 


(1) 


where  is  diffraction  efficiency,  1\  and  /q  are  laser  intensity  in  first  and  zero  diffraction  orders,  respectively,  tf  is  a  film 
thickness,  A,  is  a  laser  wavelength,  and  A«,  is  a  laser-induced  change  of  refractive  index.  Therefore  a  hundred-fold  increase 
in  the  laser-induced  change  of  refractive  index  has  been  observed  in  C7o-doped  PI6B  (at  W\^  =  0.6  J-cm'^)  and  C7o-doped 
COANP  (at  Wm  =  1.0  J-cm'^)  in  comparison  with  the  fiillerene-free  films.  In  spite  of  the  fact  that,  in  the  nanosecond  and 
longer  time  scales,  the  principal  mechanisms  for  grating  recorded  nonlinearities  are  thermal  and  density  fluctuations,  the 
values  of  input  energy  density,  at  which  the  effect  was  observed,  do  not  contradict  to  the  high  value  of  conformational 
rotation  energy  in  the  polyimide  matrix. 

Really,  it  should  be  noticed  that  the  values  of  the  write  energy  density,  which  are  applied  in  this  work,  make  possible 
conformational  modifications  of  the  polymer  chain.  For  example,  for  fullerene-doped  polyimide  PI6B,  the  write  energy 
density  of  0. 5-0.6  J-cm'^  corresponds  to  350-400  kcalmof'  at  molecular  mass  of  a  monomeric  unit  of  750  as  well  as  at  the 
sample  thickness  and  the  spot  diameter  mentioned  above.  The  rotation  threshold  is  10-700  kcal-mof'  for  cyclic  groups 
relative  to  ordinary  bonds  in  polyimide. Therefore,  the  write  energy  density  values  applied  suffice  to  the  rotation  of 
hinge-joint  bonds  in  polyimide,  making  the  conformational  modifications  of  polymer  chains  easier.  This  effect  is  likely  to 
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result  in  a  better  arrangement  of  macromolecule  donor  fragment  and  flillerene  planes,  and  hence  in  efficient  transfer  of 
excitation  between  them. 

The  results  obtained  suggest  that,  in  addition  to  laser  heating  of  the  medium,  conformational  transformations  of  organic 
molecules  influence  the  laser-induced  change  of  refractive  index.  It  should  be  noticed  that  thermal  stability  of  the  organic 
films  was  significantly  augmented  by  the  flillerene  introduction. 

Thus,  the  structures  based  on  both  fullerene-doped  polyimide  and  COANP  can  be  applied  as  effective  diffractive  laser 
elements  with  good  laser  strength.  They  may  be  used  in  real  time  systems  of  information  processing  with  both  reversible 
and  irreversible  mechanisms  of  laser  recording. 


4.  CONCLUSION 

The  thin  holographic  gratings  have  been  recorded  in  the  organic  materials  based  on  polyimide  and  2-cyclooctylamino-5- 
nitropyridine  doped  by  fullerene  C70.  The  drastic  change  of  refractive  index  has  been  observed  in  the  system  studied.  The 
threshold  of  the  transition  from  phase  grating  to  amplitude  one  has  been  determined.  In  this  case  from  3  to  7  diffraction 
orders  have  been  observed.  The  results  obtained  have  been  explained  by  both  the  laser-induced  thermal  and  density 
fluctuations  as  well  as  both  by  the  conformational  transformations  of  organic  materials  and  by  their  spectral  properties.  It 
has  been  noticed  that  reinforcement  of  donor-acceptor  interaction  in  the  fullerene-doped  structures  influence  the  efficiency 
of  excitation  transmitted  and  thus  drastic  change  of  diffraction  efficiency.  It  has  been  shown  that  the  fullerene-doped  system 
could  be  applied  as  dynamic  and  static  diffractive  optical  elements.  The  films  studied  can  be  used  as  photosensitive  layers  in 
the  optically  addressed  spatial  light  modulators  and  other  optical  processing  devices  operated  in  real  time  seale. 
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ABSTRACT 

The  contribution  of  light  induced  scattering  to  nonlinear  optical  limiting  is  theoretically  and 
experimentally  investigated.  It  is  shown  that  light  induced  scattering  is  caused  by  fine-scale  (l-^-lO  pm) 
inhomogeneities  formation,  very  low  (comparable  to  spontaneous  noise)  laser  beam  inhomogeneities 
can  evolve  into  light  induced  scattering.  The  numerical  modeling  of  scattered  radiation  angular 
distribution  and  laser  radiation  attenuation  in  optical  limiters  was  performed.  The  modeling  results 
were  compared  with  the  experimental  ones. 

Keywords;  fullerenes,  optical  limiting,  light  induced  scattering,  computer  simulation 


1.  INTRODUCTION 

It  is  well  known  that  fullerenes  and  fullerene-containing  media  have  strong  nonlinear-optical 
properties,  which  makes  it  possible  to  use  them  as  nonlinear  optical  limiters.  Of  these  properties, 
reverse  satarable  absorption  fi:om  the  metastable  level  (RSA)‘  has  received  the  most  study.  In  fullerene 
solutions  RSA  is  followed  by  strong  scattering^’^.  It  has  been  supposed  that  this  scattering  is  caused  by 
light-induced  refractive  index  fine-scale  inhomogeneities  which  develop  when  high  intensity  laser 
radiation  passes  through  a  cell.  The  light  induced  heating  is  proved  to  be  the  main  channel  of  refiractive 
index  change'*. 

The  quantitative  evaluations  of  light-induced  heating  are  performed  and  typical  scales  of 
inhomogeneities  as  well  as  scattering  angles  are  presented.  The  boundaries  of  domain  of  imstable 
perturbations,  caused  by  laser  beam  thermal  self-action  are  defined.  The  increments  of  instability  are 
calculated.  The  numerical  modeling  of  nonlinear  scattering  is  performed.  The  experimental  conditions 
were  used  in  calculations.  The  experimental  conditions  are:  M=0.6  mM  Ceo-toluene  solution,  incident 
radiation  wavelength  1=532  nm,  incident  radiation  intensity  /«10*  W/cm^  pulse  duration  Tp=10  ns, 
beam  aperture  a=2  mm,  cell  length  £=3  mm.  Calculation  results  are  compared  with  the  experimental 

ones. 


2.  EXPERIMENTAL  RESULTS 

The  contribution  of  processes,  responsible  for  radiation  attenuation  to  nonlinear  optical  limiting  is 
experimentally  investigated.  Schemes  of  setups  for  investigation  of  optical  limiting  are  presented  at 
Fig.  l(a,b,c).  The  parameters  of  radiation  at  the  output  of  the  facility  are: 

•  wavelength  1 .06  pm,  0.532  pm,  0.353  pm  (Nd:YAG  laser), 

•  radiation  energy  in  pulse  0.6  J  (1.06  pm),  0.35  J  (0.532  pm),  0.3  J  (0.353  pm), 

•  radiation  pulse  duration  10  ns, 

•  radiation  angular  divergence  <  2x  1 0~^  rad, 

•  beam  diameter  2-^-8  mm  (according  to  telescoping). 
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a) 


Fig.  1  Experimental  setup  for  investigation  of  optical  limiting 

a)  calorimetric  experimental  setup  1  -  0.53  pm  Nd:YAG  laser,  2  -  beam  splitter,  3-  input  energy 
meter,  4  -  input  changeable  filter,  5  -  telescope,  6  -  fiillerene-containing  cell,  7  -  output 
changeable  filter,  8  -  output  energy  meter 

b)  setup  for  measurement  of  the  indicatrix  of  light  induced  scattering  setup  1  -  0.53  pm  Nd;YAG 
laser,  2  -  beam  splitter,  3-  input  energy  meter,  4  -  input  changeable  filter,  5  -  telescope,  6  - 
fiillerene-containing  cell,  7  -  long-focused  lens  output  changeable  filter,  8  -  output  filter,  9  - 
movable  energy  meter  with  3  mm  aperture 

c)  setup  for  measurements  of  the  change  of  refiuctive  index  during  a  laser  pulse  1-  camera  with 
removable  filters,  2  -  beam  splitter,  3  -  mirrors,  4  -fiillerene-containing  cell,  5  -  removable  filters, 
6  -  input  energy  meter,  7  -0.53  pm  Nd:YAG  laser 

The  length  of  cell  with  Cgo-toluene  solution  was  3  mm  and  the  length  of  solid-state  samples  was  1-2 
mm.  The  study  of  optical  limiting  was  performed  with  the  calorimetric  technique  in  collimated  beams 
(Fig. la).  Input  energy  density  was  varied  from  0  to  10  J/cm^;  energy  densities  before  and  after  sample 
were  measured  .  The  pulse  shape  of  incident  and  passed  radiation  was  also  recorded.  To  study  the 
contribution  of  self-defocusing  and  light  induced  scattering  we  used  schemes  b  and  c  (Fig.  lb,c).  The 
change  of  refractive  index  was  measured  with  the  aid  of  laser  interferometer.  The  determination  of  the 
transmitted  radiation  energy  in  the  far  zone  with  a  small  aperture  of  the  field  of  vision  (0=1.8x10”^  rad 
)  and  measurements  of  scattering  indicatrix  in  angles  from  0  to  30°  from  the  beam  axis  were 
performed.  The  optical  limiting  results  (Ceo-toluene,  ^=0,532  pm)  are  presented  at  Fig.2a  .  One  can 
see  strong  nonlinear  Egu/Ein)  dependence  with  saturation.  60  and  100-fold  energy  attenuation  was 
obtained  in  collimated  beam  system  for  Ceo-toluene  solution.  The  same  dependencies  for  solid-state 
sample  presented  at  Fig.  2b.  Here  one  can  see  only  1-10-fold  energy  attenuation. 
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Ein,  J/cm^  Eia,  J/cm^ 


Fig.2  a)  optical  limiting  in  flillerene-containing  solutions  X-0.53pm,  x-10  ns; 

1  -  Cfio-polyacrylnitrile  in  DMF,  T  =  48%;  2  -  Cao-toluene  solution  (C=0.6  mM),  T=  66  %;  3  -  Cao- 
toluene  solution  (C=1.5  mM),  T=33  %;  4-  Cao  -  fat  CCL4  solution  ,  T=47  %;  5  -  polyvinylpyrrolidine 
Cao  in  water,  T=I7% 

b)optical  limiting  in  flillerene-containing  solid-state  matrices  A.=0.53pm,  t=10  ns;  1  -2  nm 
microporous  glass  with  Cao,  T=45  %;  2  -7  nm  microporous  glass  with  Cao,  T=46  %;  3  -17  nm 
microporous  glass  with  C70,  T=12  %;  4  —  sol-gel  medium  with  Cao,  75  /o. 

Calculations  show  that  RSA  can  give  10-fold  attenuation. We  studied  the  contribution  of  some  other 
process  to  nonlinear  optical  limiting.  Our  investigations  have  shown  the  strong  influence  of  light 
induced  scattering  ,caused  by  fine  scale  refractive  index  perturbations  in  fullerene-containing  solutions, 
whereas  the  one  is  practically  absent  in  solid  state  samples.  Optical  limiting  in  solid-state  samples  is 
defined  exclusively  by  RSA  process,  (Fig.  3a,b,c). 


<p,  degrees 


Fig.  3  Results  of  the  measurement  of  radiation  scattering 

a),  b)  scaterring  indicatrixes  near  axis  and  in  large  angles  correspondingly 

c)  dependence  of  limitation  level  on  the  angle  in  which  radiation  is  collected 

1  -  Ceo-toluene  solution 

2  -  microporous  glass  (2  nm  microporous  glass)  with  C60 


108 


Proc.  SPIE  Vol.  4353 


3.  THEORETICAL  INVESTIGATION  OF  LIGHT-INDUCED  SCATTERING 


3. 1.  Light-induced  heating  of  fullerene-containing  media. 


Fig.  4.  Energy  level  diagram.  The  absorption  cross  sections  are  given  by  ,  (3^%,  CTex^,  where  g 
denotes  ground  state  ,  ex  denotes  excited  state  and  S,T  denote  singlet  and  triplet  state  respectively.  The 

life-times  are  given  by  To,  Xj,  Xy,  T5,  15  and  intersystem  crossing  by  Ti.;  nj  -  are  the 

population  densities  of  their  respective  states.  Solid  arrowed  lines  denote  radiative  transitions;  the 
dotted  one  denote  nonradiative  transitions 


Fig.  4  shows  a  simplified  diagram  of  the  main  six  energy  levels  of  fullerenes  which  take  part  in  RSA 
mechamism  as  well  in  light-induced  scattering.  Simultaneous  solution  of  rate  equations,  describing  six- 
level  scheme  and  heating  rate  equation  enables  to  calculate  light-induced  heating.  The  formulas  for 
light-induced  heating  could  be  approximated  by  simple  expression: 

Q{I,T)^{T-T,)IT,=KltlIf^,  (1) 

where  To  is  initial  temperature,  I  is  the  incident  intensity,  f  is  the  saturation  intensity,  tp  is  pulse 
duration.  One  can  see,  that  medium  heating  is  linear  both  in  intensity  and  in  time,  at  is  expressed  by  Eq. 
(2). 

K  =  I (T^)/CpT^.  (2) 

where  ^  is  a  portion  of  flillerene  molecules  Cp  is  one  molecule  specific  heat,  ao  and  cFeJ  are  the 
absorption  cross  sections  from  ground  state  and  exited  triplet  state  ,  AE so  -  energy  gap  between  levels 
Ti  H  TTn  .  Most  of  molecules  during  the  pulse  are  in  triplet  state,  and  the  main  channel  of  light  induced 
heating  is  non-radiative  decay  of  the  upper  triplet  level  T^  ,  which  lifetime  is  about  1  fs.  All  these 
causes  the  simplicity  of  equations  1  and  2.  Numerical  value  K=i).Q12  and  when  /=/0*  W/cm^  the 
temperature  increase  to  the  end  of  pulse  {tp=  10  ns)  is  about  15°. 

Therefore,  the  medium  heating  is  proportional  both  with  intensity  and  time,  the  constant  of 
proportionality  can  be  expressed  in  medium  parameters  and  the  main  channel  of  light  induced  heating 
is  non-radiative  decay  of  the  upper  triplet  level. 

3.2  Fine-scale  density  and  refractive  index  inhomogeneities. 

Incident  laser  beam  inhomogeneities  are  transformed  into  the  heating  inhomogeneities,  which  result  in 
the  density  and  refractive  index  inhomogeneities.  Density  change  induced  by  propagation  of  a 
nanosecond  laser  pulse  can  be  described  by  acoustic-wave  equation  (3) 

d^u  /  dt^  -  G^d^u  /  dtdx^  -  c^u  /  dx^  =  c]d^Q{I)  /  dx^  (3) 
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l(x)  =  /o  +  /,(x)  =  /o(l  +  coskj-x)  (4) 

Where  Sl  is  incident  beam  modulation  depth  (sl  «  1),  Ar-is  the  transverse  size  of  inhomogeneities. 
Using  simplified  equation  (1)  one  can  obtain  the  solution  of  acoustic  equation  (3): 
u  =  lQS^fcexp{-Gj.T/2)[T-sm(aj)/aj.]cos{kj.x).  (5) 

Where  ar  ^cjc-itp,  Gt  =  Gak/tp  .  Two  limiting  cases  have  been  considered:  1)  aT»I  and  2)  ar«l.  In 
the  first  case  the  sound  runs  to  distance  much  greater  than  Aj  in  a  time  of  pulse  duration.  We  shall  call 
such  perturbations  the  fine-scale  (FS)  perturbations.  In  the  second  case  sound  has  a  time  to  travel  a 
distance  considerable  smaller  than  inhomogeneity  size  At.  We  shall  call  such  perturbations  large-scale 
(LS)  perturbations. 

From  (5)  one  can  obtain  that  FS  perturbation  growth  rate  is  much  higher  than  the  LS  one.  Therefore  FS 
perturbations  make  a  main  contribution  to  light-induced  scattering.  Under  experimental  conditions  [4] 
the  condition  aT»l  is  satisfied  for  At«  80  fjm.  The  excitation  of  FS  perturbation  is  limited  from  the 
side  of  high  spatial  frequencies  by  the  sound  damping.  Sound  damping  is  proportional  to  medium 
viscosity.  The  higher  is  viscosity,  the  smaller  is  the  domain  of  unstable  perturbations.  The  inclusion  of 
sound  damping  in  toluene  leads  to  the  conclusion  that  At  >  0.5  jum.  We  think  that  it  is  sound  damping 
that  is  responsible  for  the  absence  of  light  induced  scattering  in  fullerene-containing  glass  matrices  (the 
glass  viscosity  is  several  orders  higher  than  toluene  one). 

The  acoustic  equation  solution  makes  it  possible  to  calculate  nonlinear  phase  variation,  caused  by  FS 

perturbations. 

L 

0 

where  0  —  phase  variation,  k  =  2^A,  A  is  incident  radiation  wave  length,  ^  refraction  index 
perturbation.  One  can  obtain  an  average  on  time  and  on  aperture  phase  shift; 

(o)  =  0.25McD<£'i/cro  0  (1  -  exp(-«iL))  /  a,  (7) 

where  kao  -  Gladston-Deil  constant,  for  toluene  («o  =1-49)  kao  =  0.6.With  a  knowledge  of  «J»  we  can 
calculate  Strel  parameter^  which  defines  the  decrease  of  on-axis  far-field  intensity  . 

S(  =  4((<I>)), 

where  Jo  is  the  Bessel  function.  The  numerical  values  of  St  parameter  for  different  values  of  incident 
beam  modulation  depth  Sl  are  presented  in  table  1 . 


Table  1.  Nonlinear  phase  variation  and  St  parameter  for  different  values  of  Si.  M-0.6mM,  absorption 
coefficient  O' =  5.7  cm”', /=/s<„  (saturation  intensity). 


5- 10'^ 

10"' 

5- 10'^ 

10-* 

St 

0.085 

0.291 

0.762 

0.99 

By  this  means,  the  analysis  of  FS  perturbations  development,  based  on  acoustic  equation  solution  with 
source  of  heating  (1)  shows  that  under  experimental  conditions'*  the  perturbation  with  transverse  scale 
0.5  fJm  <  At  <  80  jum  are  developing.  Such  inhomogeneities  cause  sufficient  decrease  of  on-axis  far- 
field  intensity  even  when  initial  modulation  depth  of  incident  beam  is  sufficiently  small. 

5.5  Laser  beam  instability,  caused  by  thermal  self-action 

The  approach  discussed  above  can  be  applied  only  for  sufficient  thin  medium  layer.  Otherwise  we  must 
take  into  account  that  scattering  by  inhomogeneities  leads  to  change  of  radiation  spatial  structure  and 
we  must  consider  density  perturbation  development  and  laser  pulse  propagation  simultaneously.  Let  us 
estimate  diffraction  length  Lj  for  FS  perturbation.  If  Lj  =  X/fX  «  L,  the  phase  distortions  created  by 
density  perturbations  are  converted  into  amplitude  distortions  by  light  diffraction  many  times  on  the 
medium  length.  This  medium  cannot  be  considered  as  thin.  For  thick  medium  correct  description  we 
must  use  simultaneous  solution  of  acoustic  equation  and  equation  for  the  complex  amplitude  of 
electromagnetic  field.  In  experimental  conditions  the  condition  Lj  «  L  is  satisfied  for  Xt  «  40  pm. 


110 


Proc.  SPIE  Vol.  4353 


On  the  other  hand  for  effective  interaction  of  basic  and  scattered  wave  the  last  one  should  not  leave  the 
aperture  of  the  basic  beam.  Such  limitation  is  defined  by  the  inequality  A,?-  >  2  pm.  Therefore  the  range 
of  unstable  Xt  values,  over  which  perturbation  growth  rates  are  large,  is  decreased.  By  this  means  four 
inequalities  define  the  conditions  of  effective  FS  perturbation  development: 


<27- »  1,  Nf«  1, 

/><1,  Na<l. 

Where  Nf  =  L/L  -  Fresnel  number,  =  lAL/aAr.  In  experimental  conditions  (i  =  3  mm,  a=  2  mm) 
these  four  unequalities  are  satisfied  for  2  pm  <  Ij-  <  40  pm.  This  transverse  scales  range  is  consistent 
with  scattering  angle  range  0.5°<(p<10°.  This  result  qualitatively  correlates  with  the  experimental 
result''.  In  experimental  conditions  scattering  was  observed  up  to  30°,  which  probably  corresponds  to 
scattering  in  higher  diffraction  orders  . 

Taking  into  account  interaction  between  density  perturbation  and  intensity  spatial  distribution  the 
acoustic  equation  and  quasioptic  equation  for  the  complex  amplitude  of  electromagnetic  field  must  be 
solved  simultaneously: 

dE  !  dz  +  (i  /  2k)d^E  /  dx^  +  ikk^^uE  =  0, 

d^u  /dt^  -  G^d^u  / dtdx^  -  c^d^u  / dx^  =  c^,d^Q{I) / dx^ , 

where  z  is  the  longitudial  coordinate,  E  is  the  complex  amplitude  of  electromagnetic  field,  7  =  \EE*  \. 
We  linearize  the  set  of  equation  (8),  considering  that  perturbations  of  the  light  field  and  density  are 
small.  The  solution  of  linearized  system  for  amplitude  modulation  is: 

w  =  Wq  exp[(Bj.zkj.T)°'^  -  Gj.t  ~oz/2],  (9) 

where  wq  is  incident  beam  modulation  depth,  Bt  =  klkooxl/h.  Exponential  growth  of  initial 
inhomogeneity  Wg  is  indicative  of  laser  beam  instability  ,  increment  type  is  typical  for  convective 
instability.  On  the  other  hand,  this  instability  may  be  considered  as  non-stationary  stimulated 
absorption  scattering. 

4.  NUMERICAL  SIMULATION 


Numerical  simulation  of  thermal  self-action  of  the  laser  radiation  was  performed.  Maxwell’s  wave 
equation  in  the  parabolic  or  Freshnel  approximation  is  solved.  The  medium  length  is  divided  in 
amplitude-phase  screens.  The  algorithm  for  field  propagation  over  a  distance  Az  =  L/N^  consists  of 
three  parts.- 

1)  Radiation  propagation  over  a  distance  zlz  (diffraction  equation  solution). 

2)  Phase  incrementing  in  accordance  with  nonlinear  medium  changes  (acoustic  equation  solution) 

3)  Intensity  attenuation  in  accordance  with  RSA  calculation. 

The  next  system  of  equations  was  solved: 

dnj dt  =  -A^{n^  -«2)-i-«3  /7g 

dn2ldt  =  A^{n^  -n^-n.^1 1^, 

dn^ldt  =  -A^{n^  -n^-k-n^t  It^, 

dn^ldt  =  A^{n^-nJ-n^/ 1^, 

/ dt  =  A^{n^  -n^)  +  nj/t^-n^lt^+n^ /t^, 
dnJdt  =  A,{n^-n^)-nJt^. 

cdT / dt  —  S /7g  +  £'23^2  ! ^20  ^35^3  ^^1  -^34^4  ^^3  ^56^6  ^ ^5)’ 

dl  !  dz-  -[4”l  +  ^2^3  +  ^3^5  ]’ 

d\  / dx^  -  Ygd\  /  dx^dt  -  c]d^u  /  dx^  =  c]d^ [(£  -  To)  /  £„ ]  / 
dEldz  +  {il2k)d^Eldx^  =  0. 
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Here  n,  =  Nj/N  are  levels  population  (see  Fig.4),  N  -  fullerene  concentration.  The  system  (10)  was 
supplemented  by  the  initial  and  boundary  conditions: 

(t  =  0)  =  1,  =  0)  =  n^it  =  0)  =  0. 

nt  =  0)  =  T,. 

l(z  =  0)  =  Io. 

u(t  =  0)^u'(t^0)  =  0.  (11) 

u{x  =  al2)  =  u(x  =  -a  12)  =  0. 

E(z  =  0)  =  A,+iO,. 

I  =  \EE*\, 

where  Aq  -  initial  radiation  amplitude,  0o  -  initial  radiation  phase.  The  splitting  method  yields  accurate 
results  if  step  size  Az  is  chosen  to  be  small  enough  (the  nonlinear  phase  variation  must  be  less  than  zi). 
Minimal  size  of  transverse  modulation  (scale),  considered  in  calculations,  is  Azmin  =  2  pm.  The  number 
of  screens  must  be  >  200  under  the  test  conditions  L  =  3mm,  7=  10*  -  2.xl0*  W/cm^.  The  number  of 
transverse  coordinate  steps  is  defined  by  the  minimal  size  of  transverse  modulation  scale.  In 
addition,  fast  Fourier  transform  procedure,  used  in  calculations,  requires  N^=2',  where  i=l,2,3,..m.  For 
X,Tmin  =  2  pm  and  beam  aperture  a~2  mm  we  must  use  A/j=8192. 

Two  types  of  incident  laser  beam  were  examined: 

1)  Smooth  Gauss  intensity  profile 

2)  Beam  inntensity  profile,  modulated  by  FS  inhomogeneities  with  given  modulation  scale  and 
depth. 

The  next  calculation  results  were  obtained. 

I I  .Smooth  Gauss  intensity  profile. 

Calculations  show  that  very  low  laser  beam  inhomogeneities  can  evolve  into  light  induced  scattering  if 
input  energy  density  is  sufficiently  high  («  1.2- 1.5  JW).  Dependence  of  far  field  axial  intensity 
attenuation,  caused  by  light  induced  scattering,  on  incident  radiation  energy  density,  is  presented  at  Fig. 
5. 


Fig.  5  Dependence  of  far-field  axial  intensity  attenuation  !;„(  cp  -  0 )/  Iout((P  -  0)  on  input  energy 
density  (input  pulse  has  gauss  shape) 

1  -  only  light  induced  scattering  was  taken  into  account 

2  -  light  induced  scattering  ,  RSA  and  linear  absorption  were  taken  into  account 
o  -  experimental  values  (see  fig.  2  a)  -  curve  2) 
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It  is  seen  that  the  calculated  curve,  which  takes  into  account  linear  absorption,  RSA  and  light  induced 
scattering,  lies  somewhat  lower  than  the  experimental  one.  It  could  be  accounted  by  the  fact  that  in 
calculations  pulse  had  a  Gauss  shape,  whereas  a  real  pulse  always  contains  some  inhomogeneities. 
Fig.  6  demonstrates  the  dependence  of  transverse  modulation  scales,  for  which  instability  exhibits 
maximal  spatial  -  temporal  growth,  on  incident  energy  density.  One  can  see  that  the  successively 
higher  spatial  frequencies  (which  are  beyond  the  aperture  limitation)  evolve  into  light  induced 

scattering  as  the  incident  energy  density  increases.  The  region  of  the  main  and  scattered  beam 
interaction,  needed  for  effective  energy  transferring  from  the  main  beam  to  the  scattered  one,  may  be 
less  than  cell  length  if  incident  energy  density  is  sufficiently  high. 

A,t,  urn 

2.0  - 

1.8  - 

1.6  - 

1.4  -I - ■ - . - - - ^ . 
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Fig.  6  .  The  dependence  of  transverse  modulation  periods  Xj,  for  which  instability  exhibits  maximal 
spatial-temporal  growth  on  incident  energy  density,  (incident  pulse  has  Gauss  shape) 

b.I  Gauss  intensity  profile,  modulated  bv  FS  inhomogeneities 
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Fig.7  The  dependence  of  far  field  axial  intensity  attenuation  on  transverse  modulation  period. 
Calculations  were  performed  for  input  energy  density  =  0.5  J/cm^,  i.e.  in  region  where  smooth  Gauss 
pulse  intensity  attenuation  is  absent.  Modulation  depth  was  30  %.  This  figure  presents  attenuation 
only  due  to  light  induced  scattering.  Taking  into  account  the  linear  absorption  and  RSA  will  make  the 
attenuation  2.3  times  more. 

Fig.  7  demonstrates  the  dependence  of  far  field  axial  intensity  attenuation  on  transverse  modulation 
period.  Calculations  were  performed  for  input  energy  density  =  0.5  J/cm^,  i.e.  in  region  where  smooth 
Gauss  pulse  intensity  attenuaton  is  absent.  Modulation  depth  was  30  %.  Far  field  axial  intensity 
attenuation  increases  with  transverse  modulation  scale  decreasing,  reaches  a  maximum  when  /^7«3  pm 
and  then  rapidly  decreases  in  accordance  with  aperture  limitation.  This  correlates  well  with  the 
evaluations,  given  in  3.3. 
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The  scattering  indicatrix  of  beam,  which  contains  a  number  of  FS  initial  inhomogeneities  im 
the  range  of  3  ^  13  |xm)  is  presented  at  Fig.  8.  Modulation  depth  is  10  %.  Incident  energy  density  is  1.5 
J/cm^.  In  this  case  axial  intensity  attenuation  on  account  of  scattering  is  about  5  times.  Taking  into 
account  the  linear  dispersion  and  RSA  will  make  the  attenuation  3  times  more.  Therefore  the  resulting 
attenuation  will  be  about  15  times,  whereas  the  experimental  one  is  almost  twice  as  lower  (see  Fig.  5). 
It  means  that  in  experiment  the  input  pulse  modulation  depth  was  less  than  10  %. 


Fig.  8  The  scattering  indicatrix  of  beam,  which  contains  a  number  of  FS  inhomogeneities  in  the  range 
of  3-13  pm.  Modulation  depth  is  10  %.  Incident  energy  density  is  1 .5  J/cml 

5.  CONCLUSIONS 

The  propagation  of  532  nm  10  ns  pulse  through  Ceo-toluene  solution  causes  notable  light  induced 
heating.  Incident  laser  beam  inhomogeneities  are  transformed  into  the  heating  inhomogeneities,  which 
result  in  the  density  and  refractive  index  inhomogeneities.  It  is  shown  that  during  10  ns  pulse  only  fine 
scale  inhomogeneities  (2  -  40  pm)  have  a  good  chance  of  progressing. 

The  excitation  of  fine-scale  perturbations  is  limited  from  the  side  of  high  spatial  frequencies  by  the 
sound  damping  and  mainly  by  diffraction  losses  due  to  the  finite  aperture  of  the  basic  beam.  The 
scattering  phenomenon  caused  by  light  induced  fine-scale  inhomogeneities  leads  to  notable  far-field 
axial  intensity  attenuation  in  addition  to  RSA  effect.  Simultaneous  consideration  of  processes  of  laser 
beam  propagation  and  perturbations  development  shows  the  laser  beam  instability,  caused  by  thermal 
self-action. 

Numerical  simulation  of  nonlinear  scattering  is  performed.  The  scattering  indicatrixes  is  presented. 
Dependencies  of  far-field  axial  intensity  attenuation  on  experimental  parameters  are  presented. 
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ABSTRACT 

The  optical  limiting  of  the  laser  radiation  over  visible  and  IR  ranges  in  organic  material  based  on  polyimide  has  been 
studied.  The  role  of  the  donor-acceptor  interaction  mechanism  in  manifestation  of  organic  molecules  nonlinear-optical 
properties  has  been  established.  The  fullerene-doped  photosensitive  polyimide  structures  have  been  determined  to  be 
effective  optical  limiting  materials  for  attenuating  a  power  density  of  more  than  2-4  J-cm'^. 

Keywords:  organic  media,  nonlinear  effects,  optical  limiting,  laser 

1.  INTRODUCTION 

Recently  thin  fullerene-doped  films  have  been  demonstrated  to  be  desirable  for  the  eye  and  sensor  protection  from  laser 
radiation.'’^  Therefore,  a  proper  choice  of  the  polymer  matrix,  which  allows  nonlinear  optical  properties  to  be  revealed  over 
a  wide  spectral  range,  is  important.  For  this  purpose,  A.  Kost  et  al.^  studied  mechanisms  of  the  optical  limiting  effect  in 
polymethacrylate  doped  with  Ceo-  M.Ouyang  et  al.*'  synthesized  the  new  complex  based  on  thin  films  of 
bicyanovinylpyridine-Ceo  and  observed  a  bistability  effect  in  this  system.  K.  Hosoda  et  al.^  found  new  properties  in 
polysilanes  doped  with  Cm-  Peculiarities  of  the  optical  limiting  effect  in  C6o-Si02-sol-gel  matrix  was  shown  in  the  paper  by 
V.  Belousov  et  al.®  V.  Danilov  et  al.’  investigated  the  liquid  crystal  compound  doped  with  C70  and  found  the  extreme  low 
value  of  the  threshold  energy  density  for  optical  limiting.  N.  Kamanina  et  al.®'®  applied  the  Cgo  and  C70  mixture  as  a 
sensitizer  for  photosensitive  polyimides,  which  had  been  before  used  for  spatial  light  modulator  with  very  high  resolution  of 
more  than  760  mm'‘  at  a  0.1  level  of  diffraction  efficiency.'® 

In  the  present  paper  the  optical  limiting  (OL)  of  the  laser  radiation  over  visible  and  IR  ranges  along  with  spectral  properties 
have  been  studied  in  a  promising  class  of  the  organic  materials  based  on  polyimides  doped  by  flillerene  C70. 

2.  EXPERIMENT 

3  %  and  6.5  %  solutions  of  both  non-photosensitive  polyimide  81 A  and  photosensitive  polyimide  6B  in  1, 1,2,2- 
tetrachloroethane  were  investigated.  The  general  formula  of  the  aromatic  polyimide  6B  was  described  in  other  papers."’'^ 
Non-photosensitive  polyimide  81 A  was  previously  used  as  a  high  quality  alignment  layer  for  liquid  crystal  cells'^  and  as  a 
film-forming  base  for  solid  7t-conjugated  organic  materials.'"'  The  polyimide  solution  was  doped  with  fullerene  C70.  The 
flillerene  concentration  was  varied  from  0.2  wt.%  to  0.5  wt.%.  It  should  be  mentioned  that  fullerenes  are  of  relatively  high 
solubility  in  tetrachloroethane.'^  The  1-3  pm  thick  polyimide  films  were  spun  on  the  glass  substrates  coated  with 
transparent  indium-tin-oxide  contacts. 

The  experimental  setup  for  the  optical  limiting  investigations  in  the  visible  spectral  range  is  analogous  to  presented  in  the 
paper.®  A  pulsed  Nd-YAG  laser  with  a  pulsewidth  of  15  ns  was  applied  as  a  radiation  source.  The  passive  modulation  was 
performed  with  a  LiF  crystal.  A  KDP  or  CD  A  crystal  was  used  as  a  second-harmonic  converter.  A  wavelength  of  the 
incident  beam  was  532  nm.  The  laser  spot  was  3-3.5  mm.  Energies  of  the  beam  incident  on  the  sample  and  of  the  beam 
transmitted  through  it  were  measured.  A  set  of  light  filters  was  used  to  vary  the  incident  beam  energy.  Spectroscopic 
measurements  were  carried  out  with  a  Perkin-Elmer  Lambda  9  instrument  in  the  wavelength  range  200-3000  nm. 
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A  transmission  dependence  on  an  input  energy  for  IR  spectral  range  was  measured  with  a  use  of  a  photodissociation  iodine 
laser  at  a  wavelength  of  1315  nm.  The  laser  was  pumped  by  a  nonmagnetic  coaxial  Xe  lamp  in  which  an  interior  quartz  tube 
was  filled  by  components  of  a  laser  mixture:  /7-C3F7I  (RI)  and  SFs.  Partial  pressure  of  /i-CjFtI  (RI)  and  SFg  was  35  and 
500  mm  of  Hg,  respectively.  The  diameter  and  length  of  the  active  zone  were  0.8  cm  and  50  cm,  respectively.  The  pumping 
and  laser  pulsewidth  was  8  ps  and  50  ns,  respectively.  A  spot  on  the  sample  surface  was  2  mm.  The  input  energy  was 
measured  with  a  calorimeter.  The  energy  transmitted  through  a  set  of  filters  and  the  sample  was  measured  with  a 
pyroelectric  photometer.  The  low-power  transmission  for  photosensitive  polyimide  6B  was  about  0.7  and  0.85  at 
wavelength  of  532  nm  and  1315  nm,  respectively,  while  the  one  for  non-photosensitive  polyimide  81A  was  about  0.83  and 
0.75  at  wavelength  of  532  nm  and  1315  nm,  respectively. 

3.  RESULTS  AND  DISCUSSION 

Since  the  absorption  spectrum  of  the  fullerene-polyimide  system  is  overlapped  with  the  fluorescence  spectrum  of  polyimide 
matrix  at  the  excitation  radiation  wavelength  of  532  nm,  resonance  conditions  are  fulfilled  in  the  polyimide-fullerene 
structure.  This  fact  allows  the  OL  effect  peculiarities  in  the  visible  spectral  range  to  be  explained  in  the  framework  of  the 
Forster  model.^''®  When  the  electron  shell  of  the  polyimide  donor  fragment  overlaps  with  the  one  of  the  fullerene  molecule 
the  free  electron  exchange  between  donor  and  acceptor  creates  the  favourable  conditions  for  the  formation  of  charge  transfer 
complexes.  An  absorption  spectrum  of  the  fullerene-polyimide  film  and  a  fluorescence  spectrum  of  polyimide  matrix  is 
shown  in  the  Fig.l. 


Fig.  1.  An  absorption  spectrum  of  0.2  wt%  Cyo-polyimide  6B  film  (1)  and  a  fluorescence  spectrum  of  pure  polyimide  matrix  (2). 

The  OL  effect  is  observed  in  the  C7o-doped  polyimide  6B  films,  in  this  case  a  level  of  the  effect  depends  on  the  dopant 
concentration.  The  dependence  of  the  output  energy  density  (ffom)  on  the  input  energy  density  is  shown  in  Fig.2.  The 
effect  is  associated  with  a  formation  of  excited  states  in  the  C70  molecule.  This  effect  is  determined  by  a  population  increase 
of  fullerene  excited  states.  Because  the  laser  pulsewidth  (rp)  of  15  ns  is  longer  than  a  time  of  singleWriplet  interaction 
(1.2  ns),'^  the  triplet  state  accumulates  the  excited  states.  As  contrasted  to  Ceo,  there  are  some  peculiarities  of  C70.  Fullerene 
C70  is  of  3-10  times  higher  absorbance  in  the  400-700  nm  region  than  Ceo-'*  Moreover,  the  absorption  spectrum  of  the  C70- 
polyimide  6B  system  is  red-shifted  by  25-30  nm  from  the  absorption  spectrum  of  polyimide  sensitized  by  the  C60-C70 
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mixture.  As  the  result,  the  absorption  spectrum  of  the  Cvo-polyimide  system  is  more  overlapped  with  the  fluorescence 
spectrum  of  the  polyimide  matrix  at  the  wavelength  of  532  nm  and  thus  the  excitation  is  transmitted  more  efficiently. 


Fig.  2.  A  dependence  of  the  output  energy  density  on  the  input  energy  density  at  A.=532  nm  in  films:  (1)  Pure  polyimide  6B; 
(2)  polyimide  6B  with  the  0.2  wt.%  fullerene  C70;  (3)  polyimide  6B  with  0.5  wt.%  fullerene  Cyo- 


fV. ,  J  cm'^ 

in’ 


Fig.  3.  A  dependence  of  the  output  energy  density  (If'oui)  on  the  input  energy  density  (ifin)  at  X,=1315  nm  in  films:  (1)  Polyimide  6B  with 
the  0.2  wt.%  fullerene  C70  and  (2)  polyimide  6B  with  0.5  wt.%  fullerene  C70. 
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In  this  case  (see  Fig.  2)  the  nonlinear  dependence  of  transmission  begins  from  the  input  energy  of  350-400  mJ  for  the  C70- 
polyimide  6B  system,  while  the  nonlinearity  appears  at  150  mJ  in  the  Ceo-CTo-polyimide  6B  system  (see  papers  ’ ),  for  the 
same  fullerene  concentration  of  0.5  wt.%.  Since  the  OL  level  in  the  Cyo-polyimide  6B  film  is  about  4  J-cm'l  Therefore, 
fullerene  C7o-doped  polyimides  can  be  applied  in  nonlinear  optical  limiters  operating  at  sufficiently  high  power  densities  of 
the  input  beam. 

The  OL  effect  is  first  observed  in  the  C7o-doped  polyimide  6B  films  in  the  IR  spectral  range  at  wavelength  of  1315  nm.  The 
results  are  presented  in  the  Fig.3.  The  IR  spectral  changes  are  caused  by  a  donor-acceptor  complex  formation  between  an 
polyimide  6B  donor  fragment  and  fullerene,  because  of  more  electron  affinity  of  fullerene.  An  intramolecular  polyimide  6B 
acceptor  fragment  is  a  diimide  group  with  electron  affinity  of  1.12-1.46  eV  that  is  smaller  than  the  one  of  fullerene 
(2.65  eV).’’  Both  the  spectral  peculiarities  (see  Fig.  1,  curve  1)  and  OL  observed  in  the  IR  range  (see  Fig.3,  curves  1  and  2) 
have  provoked  creation  of  reverse  saturable  absorption  materials  based  on  polyimide  with  the  high  absorption  cross  section. 
The  absorption  cross  section  of  donor-acceptor  complex  of  fullerene  with  donor  polyimide  6B  fragment  (triphenylamine) 
was  recently  estimated  by  Yu.  A.  Cherkasov  in  the  paper.^“  It  is  really  about  300  times  more  than  the  one  of  intramolecular 
polyimide  complexes.  Therefore  the  fullerenes  are  more  effective  acceptors  for  the  system  studied.  Moreover,  the  carriers 
become  free  after  the  charge  transfer  to  the  fullerene  molecule,  where  the  surface  charge  is  delocalized.  Thus  the 
reinforcement  of  donor-acceptor  interaction  in  the  films  investigated  because  of  the  ffee-carrier  absorption  influence  the  OL 
effect  in  the  IR  spectral  range  for  fullerene-doped  structures. 

The  dependence  of  IFoui  on  for  fullerene-doped  non-photosensitive  polyimide  81 A  at  X=532  nm  is  shown  in  Fig.4.  As 
seen  from  this  figure,  there  are  no  OL  peculiarities  for  the  fullerene-doped  structure,  while  the  dopant  concentration  is  twice 
as  more  as  that  in  fullerene-doped  polyimide  6B  (Fig. 2,  curve  3).  Therefore,  the  processes  observed  in  the  fullerene-doped 
non-photosensitive  polyimide  films  are  not  associated  with  reinforcement  of  the  intramolecular  donor-acceptor  interaction, 
which  is  caused  by  the  fullerene  introduction  in  the  photosensitive  polyimide  6B.  Thus,  to  reveal  nonlinear  properties  in 
organic  materials,  the  carrier  transfer  mechanism  is  to  manifest  itself  in  the  molecules  sensitized  by  fullerenes.  In  this  case 
the  effective  multi-step  interaction  is  possible  in  the  multi-component  system.  The  interaction  causes,  among  other 
processes,  the  intramolecular  complex  formation  both  in  polyimide  and  between  fullerene  and  polyimide  donor  fragment,  as 
it  was  above  shown  for  polyimide  6B  structure. 


Fig.  4.  A  dependence  of  the  output  energy  density  (Ifoui)  on  the  input  energy  density  at  ^-532  nm  in  films:  ()  Pure  po  lyimide  81  A, 
(  )  polyimide  81 A  with  the  1  wt.%  fullerene  Qo;  (  )  polyimide  81 A  with  1  wt.%  fullerene  C70. 
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The  OL  effect  has  not  been  found  for  non-photosensitive  polyitnide  81 A  in  the  IR  spectral  range,  because  the  complex 
formation  is  absent  there.  However,  OL  is  likely  to  be  observed  at  more  intense  laser  beams,  when  IR-active  vibrational 
modes  of  fullerene  are  activated.^' 


4.  CONCLUSION 

In  conclusion,  the  optical  limiting  has  been  detected  in  C7o-doped  polyimide  6B  structures  over  visible  and  IR  spectral 
range.  The  peculiarities  observed  could  be  confirmed  by  both  the  essential  overlapping  of  the  fullerene-polyimide 
absorption  spectrum  with  the  fluorescence  spectrum  of  polyimide  matrix  and  the  complex  formation  mechanism  in  the 
systems  investigated.  The  results  obtained  have  testified  the  fullerene-doped  polyimide  6B  structures  could  be  applied  as 
effective  optical  limiting  materials  for  attenuating  a  power  density  of  more  than  2-4  J-cm"^. 

No  optical  limiting  effect  has  been  found  in  the  fullerene-doped  non-photosensitive  polyimide  81 A  structures  in  the  visible 
and  IR  spectral  range  for  laser  beam  power  densities,  which  were  used  in  the  experiments.  These  results  do  not  contradict 
with  the  idea  about  importance  of  donor-acceptor  interaction  mechanism  for  nonlinear-optical  properties  existence. 
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Nonstationary  mixing  in  AgGaSe2  crystal 

V.V.Apollonov,  Yu.A.Shakir* 
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ABSTRACT 

For  the  first  time  three-wave  interaction  of  picosecond  pulses  was  investigated  as  difference  frequency  generation  with  Ag- 
GaSe2  crystal.  Group  velocities  and  radiation  absorption  were  taken  into  account  during  spectral  analysis  realization.  Cal¬ 
culations  were  executed  for  CO2  laser  parameters;  100  5  ps,  15  150  GW/cm^.  Spectral  characteristics  and  pulse  power 

versus  crystal  length  are  represented  for  difference  wavelength  800.5  pm. 

Keywords:  pulsed  CO2  laser,  nonstationary  mixing,  nonlinear  crystal. 

1.  INTRODUCTION 

We  proposed  to  generate  powerful  half-cycle  pulse  by  difference  frequency  generation  (DFG)  using  CO2  laser  pulses  with 
duration  >  100  ps,  nonlinear  crystal  ZnGePa  and  both  laser  semiconductor  reflection  and  absorption  switching  to  shorten  the 
submillimeter  pulse  down  to  half  cycle.'  Later  it  was  found  that  both  AgGaSe2  and  AgGai.xInxSe2  crystal  properties  better 
correspond  to  this  problem  solving.'^  Calculation  results  promised  to  obtain  pulse  with  more  than  1 0  MW  power  at  duration 
~  200  ps.  Refraction  data  of  these  crystals  ^  allow  to  present  phase-matching  characteristic  for  DFG  with  AgGaSe2  when 
different  combinations  of  CO2  lines  from  both  9-pm  and  10-pm  branches  interact  by  type  ‘oe  ->  e’  (Fig.  1). 


Phase  matching  angle,  deg 


Figure  1.  Phase  matching  angle  of  DFG  with  AgGaSe2  by  both  branches  of  CO2  lines. 

Also  we  represent  investigation  results  on  three-wave  interaction  in  the  AgGaSe2  when  laser  pulse  duration  <  100  ps. 
DFG  spectral  analysis  was  executed  with  account  of  group  velocities  and  radiation  absorption.  Formulas,  figures  and  table 
present  calculation  results. 


2.  NONSTATIONARY  OPTICAL  MIXING 

We  considered  plane-wave  mixing  in  approximation  of  laser  fields  fixed  with  frequencies  a>2,  0)3.  It  is  necessary  to  notice 
that  CO2  laser  frequency  absorption  is  much  less  than  one  of  difference  frequency  at  submillimeter  region.^  We  suppose 
that  phase-matching  conditions  were  fulfiled:  kj  =  k3  -  k2.  For  ultrashort  laser  pulses  process  of  DFG  is  described  by  equa¬ 
tion; 
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aAi/az  +  1/U|*  9Ai/3 1  +  5iAi  =  -  iyjAjCt-z/uj)  A*2(t-z/u2), 

(1) 

where  co, =(03-0)2,  Aj(t,z)  is  complex  field  amplitude,  uj  -  group  velocity,  5,  -  absorption  coefficient,  nonlinear  coupling  coef¬ 
ficient  is  Yi  =  47tO)idefT/cni,  c  is  light  velocity,  ni  -  retractive  index  of  crystal  at  frequency  coi,  deff  -  effective  nonlinearity. 

For  spectral  analysis  an  equation  (1)  solution  was  represented  by  Fourier  spectrum  of  amplitudes  Aj  (t,  z).  In  result 

(9A,  (Qi,  z)/9z  +  5,Ai(Q,,  z))  exp(iQ,2/u,)  =  -  XyiUn  Ja3(Q3,  z)  A*2(f^3-i^i,  z)  exp(iz(Q2/u2  -  ^^3^3))  dQ3, 

there  Aj  (t,  z)  =  lUn  IajCQ,  z)  exp(iQ  (t-z/uj))  dQ. 

If  to  consider  laser  Fourier  spectrum  with  Lorentz  form  i.e. 

A2.3  (Q)  =  (82.3(0))“  ' A(02.3 /(A(02.3  +  iQ), 

where  Acoj  is  halfwidth  of  spectrum  then  spectral  density  of  difference  frequency  S|(Q,  z)  =  |  A,(Q,  z)r  would  be  pre¬ 
sented  by 

S,  (Q,  z)  =  (2Y|/vi3)^exp(-5|Z-z/L32)  F(Q,  z)  82(0)  83(0)  8^(Q), 

(2) 

there  length  of  pulses  mismatch  is  Ljk=  1/  (Vj^Aco^),  inverse  group-velocity  mismatch  is  Vjt  =  l/uj  -  l/uj^, 

F  (fi,  z)  =  (Aco2A(03/Aco)^[  sln^(Qv,3z/2)  +  sh^(Kz/2)]  /(MAo)2^  +  f2^), 

K=6,-1/L32, 

S‘',(Q)=A(oV(Aco^  +fl^), 

A(0  =A0)2  +  A(03, 

M=[(l-5lL32)/p]^ 

P  =Vi3/V32, 

Standardized  spectral  density  of  difference  frequency  is  defined  from  (2)  by  expression 

Sin  (fi,  z)  =  MAco2V(MA(02^  +  Q^)*  [  sin\Qvi3z/2)  -t-  sh\Kz/2)]  /  sh^(  Kz/2  )  *  S^(a). 

(^) 

Group-velocity  values  were  calculated  using  AgGaSe2  refi’active  index  approximation  in  both  submillimeter  and  infra¬ 
red  ^  ranges.  According  to  these  calculations  and  experiment  data^  we  present  both  used  radiation  parameters  and  the  crys¬ 
tal  characteristics:  ^,=800.5  pm,  ^2=9.24  pm,  ^3=9.13  pm,  5,=  0.7  cm"',  52,«53=  0.046  cm"',  v,3  =  1.61*10-"  c/cm,  V32  = 
1.06*10"'^  c/cm,  laser  beam  square  1  cm^,  crystal  length  z<  1  cm.  The  wavelength  ^1  was  selected  because  of  convenient 
cycle  value  (~2.6  ps). 

When  z  «  L32/(5|L32-1)  and  z  «  Lu  conditions  simultaneously  are  fulfiled  we  have  quasi-static  regime  of  frequencies 
mixing  and  obtain  from  (3)  that  S,n  (Cl,  z)  =  S^fQ).  And  therefore  halfwidth  of  DFG  spectrum  Aro‘'^  =  Ao)  =A(b  2  +  A(a3- 

In  the  AgGaSe2  sample  case  we  can  realize  z  <  L32/(6|L32-1)  condition  when  laser  pulses  are  not  separated  but  second 
condition  (z  «  Ln)  is  fulfiled  only  for  pulse  duration  >  50  ps  (see  Table  1).  Thus  for  pulse  duration  less  than  50  ps  nonsta¬ 
tionary  regime  has  to  take  place  and  DFG  spectrum  is  described  by  (3)  then  halfwidth  is  Aco"^  =  G  (ACO2)  *  Aco‘'®|. 


Table  1.  Calculation  results. 


From  DFG  spectrum  relative  to  12.5  cm"'  carrier  presented  at  Figure  2  we  determined  halfwidth  values  Aco"^/(27tc)  for 
selected  laser  duration  values  (Table  1).  Comparison  of  quasi-static  and  nonstationary  halfwidth  values  shows  that  coeffi¬ 
cient  G  (AC02)  <  1.  Inverse  Fouirier-transformation  of  spectral  density  (3)  allowed  to  define  submillimeter  pulse  duration 
values.  At  Table  1  it  is  possible  to  observe  that  nonstationary  mixing  is  accompanied  by  submillimeter  pulse  narrowing  in 
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Figure  2. 


Figure  3. 

I 


Q/27IC,  cm 

Standardized  spectral  density  of  DFG  radiation  with  crystal  AgGaSe2  for  next  values  of  CO2  laser 
pulses  duration:  (1)  100  ps,  (2)  50  ps,  (3)  25  ps,  (4)  10  ps,  (5)  5  ps,  (6)  2.5  ps.  Crystal  length  1  cm. 


DFG  efficiency  versus  crystal  length  for  next  duration  and  total  intensity  of  laser  pulses:  (1)  100  ps, 
15  GW/cm^  (2)  50  ps,  30  GWW;  (3)  25  ps,  60  GW/cm^  (4)  10  ps,  100  GWW;  (5)  5  ps,  150 
GW/cml 
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comparison  with  laser  pulses  down  to  25  ps.  But  conversion  of  the  shorter  laser  pulses  drives  to  submillimeter  pulse  exten- 
tion  and  production  of  these  duration  pulses  would  be  complicated.  Evidently  it  will  be  hard  to  get  the  half-cycle  pulse  by 
means  of  AgGaSe2  without  additional  shortening  of  submillimeter  pulse. 

It  will  be  a  good  plan  to  shorten  laser  pulses  if  it  is  possible  to  increase  radiation  intensity  at  crystal  face.'*  For  pulse  en¬ 
ergy  the  correlation  is  known: 

W  =  cnpVS  j|  A(f2,  z)  P  dD, 

where  "p"  is  radiation  ray  radius. 

Therefore  after  (2)  integration  by  frequency  we  get  expression  for  DFG  efficiency; 


Ti  =  IbTty^  L32/(cNp^qK,K3)  *  G(z)  *  P3/(  P^  +  Pj), 


where  K|  =  (|  qp  |  +1+  5|L32 ), 

K2  =  (|  qp|-l-5iL32 ), 

K3=  1+5,  L32, 
q  =  AC0/ACO2, 

N  =  n2  03  /n,, 

G(z)=exp(-25,z)  +  exp(-2z/  L32)  -2  *  [|  qp  |exp(-25,z-2z/L32)  -  K3exp(-5,z-(|  qp  1  +\)2JU2)Wi, 
pulse  power  is  Pj  =  Wj*AcOj. 


(4) 


DFG  efficiency  was  calculated  for  above-mentioned  parameters  and  for  total  laser  intensity  P2  +  P3  from  1 5  up  to  1 50 
GW/cm^  (suppose  that  q  =  2).  Calculation  results  are  presented  on  Figure  3.  Maximum  efficiency  values  are  located  be¬ 
tween  the  limits  0.006  and  0.016.  These  results  allow  to  plan  DFG  radiation  realization  with  pulse  power  from  90  MW  up 
to  1.5  GW  depending  on  both  laser  pulse  duration  and  power.  It  is  evidently  laser  total  intensity  more  than  60  GW/cm^  us¬ 
ing  has  meaning  if  you  want  to  obtain  high  DFG  power  by  smaller  crystal  length.  If  after  radiation  mixing  ending  we'll 
shorten  the  producted  pulse  down  to  half-cycle  duration  by  refered  method'  then  evidently  pulse  peak  power  would  be  close 
to  primordial  value. 


3.  CONCLUSION 

Nonstationary  mixing  of  picosecond  pulses  was  investigated  for  difference  frequency  generation  with  AgGaSe2  crystal.  Cal¬ 
culations  were  executed  for  next  parameters  of  CO2  laser  pump:  100,  50,  25,  10,  5  ps  and  correspondingly  15,  30,  60,  100, 
150  GW/cm^.  Spectral  characteristics  and  pulse  power  versus  crystal  length  are  represented  for  difference  wavelength 
800.5  pm.  DFG  efficiency  limitation  is  achieved  by  calculation  results.  It  was  revealed  that  submillimeter  pulse  shortening 
is  inescapable  for  half-cycle  duration  attainment.  Calculation  results  are  comparable  with  values  obtained^  for  200-ps  pulse 
and  allow  to  plan  higher  power  generation  (up  to  1.5  GW)  with  both  shorter  and  half-cycle  duration. 

REFERENCES 

1.  V.V.  Apollonov,  Yu.  A. Shakir.  "Generation  of  a  Submillimeter  Half-Cycle  Radiation  Pulse".  Laser  Physics,  9,  pp.  741- 
743,  1999. 

2.  V.V.Apollonov,  S.P.Lebedev,  G.A.Komandin,  Yu.A.Shakir,  V.V.Badikov,  Yu.M.Andreev,  A.I.Gribenyukov.  "High 
Power  C02-Laser  Radiation  Conversion  with  AgGaSe2  and  AgGa|.xInxSe2  Crystals".  Laser  Physics,  9,  pp.  1236-1239, 
1999. 

3.  Eiko  Tanaka,  Kiyoshi  Kato.  "Thermo-Optic  Dispersion  Formula  of  AgGaSe2  and  Its  Practical  Applications".  Appl. 

Opt.,  37,  pp.  561-564,  1998. 

4.  Acharekar  M.A.,  Morton  L.H.,  van  Stryland  E.W.  "2-pm  laser  damage  and  3-6  pm  optical  parametric  oscillation  in 
AgGaSe2".  Proc.  SPIE  ,  2114,  pp.  69-81,  1994. 


124 


Proc.  SPIE  Vol.  4353 


PHOTOREFRACTIVE  PROPERTIES 
OF  DOPED  CADMIUM  TELLURIDE  CRYSTALS 

I.N. Agishev®,  A.L.Tolstik®,  V.N.Yakimovich*’,  O.K.Khasanov’’ 

“Department  of  Laser  Physics  and  Spectroscopy,  Belarusian  State  University, 
4,  F.Skaryna  av.,  220050  Minsk,  Belarus, 

'’Institute  of  Solid  State  and  Semiconductor  Physics, 

Belarus  National  Academy  of  Sciences,  220072  Minsk,  Belarus 


ABSTRACT 

In  the  work  consideration  was  given  to  investigation  into  the  spectroscopic  and  nonlinear  optical  properties  of 
photorefractive  semiconductor  cadmium  telluride  crystals  doped  with  vanadium,  ferrum  and  titanium.  Introduction  of 
dopants  was  required  to  produce  an  impurity  absorption  band  in  the  near  IR  region  and  enhance  the  photorefractive 
properties.  Two  methods  have  been  used  for  the  production  of  doped  crystals;  diffused  post-growth  doping  and  growth  of 
doped  crystals  from  melt.  Nonlinear  optical  properties  of  samples  were  studied  at  the  wavelength  of  1.06  pm  in  a  four-wave 
mixing  scheme.  Maximum  diffraction  efficiency  was  revealed  for  the  convergence  angle  of  light  beams  approximating  8°, 
with  the  grating  period  of  7  pm  and  was  equal  to  2%.  The  dynamic  grating  lifetime  was  about  0.2  ps. 

Keywords:  photorefractive  nonlinearity,  dynamic  holograms,  cadmium  telluride  crystals. 

1.  INTRODUCTION 

As  is  known,  photorefractive  crystals  are  used  extensively.  It  suffices  to  mention  the  following  applications:  optical  data 
processing,  holographic  storage,  quantum  electronics  including  dynamic  grating  lasers  and  telecommunication  systems.  The 
most  important  requirements  for  photorefractive  materials  are  the  speed  of  response  and  sensitivity  as  well  as  spectral  range 
of  photorefractivity.  Among  the  advantages  of  photorefractive  semiconductor  materials,  we  should  note  faster  response  times 
and  batter  sensitivity  in  both  the  visible  and  near-infrared  regions  compared  to  the  conventional  oxide-based  materials.  A 
notable  advance  has  been  made  in  this  field  when  the  photorefractive  effect  had  been  revealed  in  cubic  semiconductors 
without  inversion  center  and  belonging  to  the  point  T3/n  symmetry  group.  Their  speed  of  response  is  due  to  high  mobility  of 
electrons  making  the  afore-mentioned  crystals  superior  to  the  traditional  photorefractive  media,  such  as  ferroelectrics  and 
sillenites.  Photorefractive  effect  was  observed  upon  pulse  and  continuous  excitation  of  a  number  of  crystals  from  these 
groups:  InP:Fe,  CdTe.  V,  CdTe.  Mn,  V,  CdTe:Fe,  CdTe.  Ge  '■*.  As  compared  to  GaAs  and  InP,  the  electro-optical  constant  of 
CdTe  is  nearly  three  times  as  large.  Among  other  advantages  of  CdTe  crystals,  one  should  name  their  speed  and  spectral 
range  from  1.0  to  1.5pm.  Besides,  applications  of  photorefractive  properties  may  be  modified  by  the  appropriate  changes  in 
the  elemental  composition  of  impurities.  Thus,  doping  of  CdTe  crystal  with  germanium  results  in  the  photorefractive 
properties  of  the  crystals  revealed  in  a  shorter  wavelength  region  with  A  <  1 .0/w  .  When  passing  from  single  crystals  of 
CdTe  to  solid  solutions  of  CdMnTe  or  CdHgTe  ,  modification  of  the  band  gap  becomes  possible.  However,  it  has  been 
previously  stated  that  photorefractive  properties  are  greatly  varying  from  sample  to  sample  Even  an  insignificant 
difference  in  the  concentrations  of  donor  and  acceptor  centers,  or  the  presence  of  inevitable  residual  impurities  in  nondoped 
as-grown  crystals  of  CdTe  may  exert  a  profound  effect  on  the  photorefractivity  and  photorefractive  properties  All  the 
foregoing  makes  the  C^fTe-family  crystals  very  promising  candidates  for  use  in  fiber-optic  communication  lines, 
telecommunication  systems,  quantum  and  optoelectronics. 

This  work  presents  an  experimental  investigation  of  the  spectroscopic  and  nonlinear  optical  properties  for  both  pure  and 
doped  cadmium  telluride  crystals.  CdTe  crystals  were  doped  with  V,  Ti  and  Fe  using  two  methods:  diffused  post-growth 
doping  and  growth  of  doped  crystals  from  melt. 
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2.  GROWTH  AND  DOPING  OF  CdTe  CRYSTALS 

The  crystals  were  grown  by  the  modified  Bridgman  method  under  the  controlled  partial  pressure  of  cadmium  vapors  in 
quartz  ampoules.  The  growth  rate  was  10  mm/day  at  the  temperature  gradient  of  28K/day.  The  temperature  of  the  melt- 
containing  ampoule  was  1390K.  The  pressure  of  cadmium  vapors  was  set  by  the  temperature  of  an  empty  end  of  the  quartz 
ampoule  that  never  exceeded  1040  K.  The  growth  conditions  lead  to  the  formation  of  cadmium  vacancies  in  the  CdTe  lattice 
facilitating  subsequent  diffusion  of  the  dopant  in  the  crystal  and  its  localization  in  the  cadmium  sublattice. 

First  for  the  introduction  of  impurity  atoms  (vannadium,  ferrum  or  titanium)  in  cadmium  telluride  we  have  used  the  post¬ 
growth  diffusion  doping  of  single  crystals.  This  method  allows  for  minimization  of  structural  defects  and  for  optimization  of 
the  doping  process  at  various  technological  stages.  Such  an  approach  is  easier  and  more  efficient  than  the  multiparametric 
optimization.  The  grown  single-crystals  of  CdTe  were  cut  into  the  optical  elements  with  the  dimensions  7  \  T  x  5mm,  the 
entrance  face  of  which  was  coincident  with  the  (1  TO).  This  plane  also  contained  the  crystallographic  orientations  [001]  and 
[111]  which  are  essential  for  the  crystal  alignment  aimed  at  writing  of  the  photoreffactive  grating.  The  process  of  diffusion 
was  carried  out  in  sealed  vacuum-pumped  quartz  ampoules  at  a  temperature  from  1100  to  1200K  over  a  period  of  3  -10 
days.  After  annealing  the  elements  were  grinded  and  polished  with  diamond  micropowder  having  the  grain  size  of  0,5 fjm  . 
In  the  process  of  work  we  have  revealed  a  strong  dependence  of  the  optical  properties  exhibited  by  the  doped  single  ciystals 
on  the  growth  conditions  and  deviation  from  the  stoichiometric  composition,  and  found  it  necessary  to  perform  a 
comparative  study  of  the  two  above-mentioned  doping  methods. 

When  the  doped  crystals  were  grown  from  melt,  the  dopants  (vanadium,  titanium,  ferrum)  have  been  introduced  into  the 
initial  polycrystalline  CdTe  in  amounts  of  lO'^  cm'^  Optimum  growth  conditions  for  the  single  crystals  were  reached  when  a 
temperature  gradient  at  the  interface  was  20-25  K/cm.  It  has  been  found  that  the  crystal  perfection  was  dependent  on  the  rate 
of  their  post-growth  cooling.  Reproducibility  of  the  characteristics  necessitates  that  the  cooling  rate  up  to  temperature  of 
1 170  K  should  never  be  greater  than  3  K/hour.  The  developed  methods  make  it  possible  to  produce  the  samples  vanadium-, 
ferrum-  or  titanium-doped  single  crystals  of  CdTe  with  a  mass  up  to  50  g. 
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Fig.l .  Absorption  spectra  of  doped  single  crystals  of  cadmium  telluride. 


As  shown  in  Fig.l,  the  absorption  spectra  of  the  produced  photorefractive  optical  elements  in  the  region  800  to  2200  nm 
reveal  characteristic  bands  associated  with  the  dopant  presence  in  the  crystal  lattice  of  CdTe  and  display  high  quality  of  the 
investigated  samples.  As  compared  to  pure  CdTe  sample,  the  absorption  edge  of  doped  crystals  is  shifted  to  the  region  of 
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longer  wavelengths.  It  has  been  demonstrated  that  the  absorption  spectra  of  CdTe:  V  single  crystals  revealed  three  absorption 
bands  of  the  impurity  ,  whereas  in  case  of  doping  with  titanium  two  marked  maxima  were  observed.  This  is  indicative  of  the 
difference  in  energy  states  for  the  ions  V^*  and  Ti^*  in  the  crystalline  lattice  of  CdTe.  As  opposed  to  the  spectra  of  CdTe.Fe 
samples  produced  in  the  process  of  diffusion,  absorption  spectra  of  CdTe:Fe  doped  from  melt  represent  broad  absorption 
bands  over  the  whole  wavelength  range  studied.  Probably,  this  is  conditioned  by  the  occurrence  of  associated  defects  when 
cadmium  telluride  is  doped  from  melt  by  ferrum.  Spectral  positions  of  absorption  bands  characteristic  for  impurities  of 
vanadium,  ferrum  or  titanium  in  doped  cadmium  telluride  single  crystals  point  to  feasibility  of  their  photorefractivity  in  the 
near  IR  region. 

3.  FORMATION  OF  PHOTOREFRACTIVE  GRATINGS  IN  DOPED  CdTe  CRYSTALS 

The  diffraction  efficiency  of  dynamic  holograms  in  doped  CdTe  crystals  has  been  investigated  using  the  four-wave  mixing 
pattern  (Fig.2.).  A  pulsed  yttrium  aluminate  garnet  laser  (radiation  wavelength  /^,=  1.06pm,  generation  energy  -  10  mJ, 
pulse  duration  T=20ns)  was  used  as  a  radiation  source  (1).  A  dynamic  hologram  in  CdTe  crystals  (8)  was  formed  by  signal 
Es  =  As^xp[i[Jisr-cot  +  (ps)]  reference  exp[/(£,r - ru/ +  <»,)]  waves  formed  by  the  mirrors  (3,4,7,9).  The 

mirror  (5)  directed  the  reconstructing  wave  =  A2  exp[/(it2/’  -  +  ^2)]  opposite  to  the  reference  one. 


1  2  3  4  5 


Fig.2.  Experimental  setup:  (1)  laser;  (2-5,7,9)  mirrors;  (6)  meter  measuring  the  laser  energy;  (8) 

CdTe  crystals;  (10)  recording  system. 

In  conditions  of  the  hologram  reconstruction  with  opposite  propagation  directions  of  the  plane  reference  and 
reconstructing  waves  (/fj  +^2  =  0)’  induced  wave  propagates  counter  to  the  signal  one  (£^  =  And  we 

have  the  effect  of  phase  conjugation.  The  mirror  (9)  was  movable  enabling  the  angle  between  the  directions  of  the  co¬ 
propagating  pump  wave  and  signal  beam  to  be  variable.  In  this  way  the  spatial  period  of  the  recorded  dynamic  grating  was 
adjustable.  The  reference  wave  intensity  was  monitored  with  a  laser  energy  meter  (6).  The  energy  efficiency  of  the  radiation 
conversion  (i.e.  the  intensity  ratio  of  the  diffracted  and  reconstructing  beams)  was  determined  by  a  recording  system  (10) 
based  on  photodiode  and  pulse  digital  voltmeter. 

The  diffraction  efficiencies  have  been  analyzed  depending  on  the  crystal  orientation,  grating  period  and  intensity  of  light 
beams.  The  intensity  ratio  of  the  signal  wave  and  pumping  beams  was  1 :40  providing  for  the  condition  of  recording  linearity. 
Fig.  3  shows  the  diffiaction  efficiency  of  conversion  as  a  function  of  the  dynamic  grating  period  L  for  a  single  crystal  of  pure 
cadmium  telluride.  The  greatest  energy  exchange  has  been  realized  at  the  cone  angle  of  light  beams  ~  8°  associated  with  the 
grating  period  of  L  =lfjm. 
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Fig.  4  gives  the  diffraction  efficiency  Ip  / 12  ®  ftinction  of  the  crystal  orientation  for  the  most  perfect  grown 

samples.  The  rotation  angle  of  the  crystal  p  with  respect  to  the  normal  to  the  entrance  surface  was  measured  between  the 

grating  vector.^  =  k^+k^  and  the  crystallographic  axis  direction  [001].  As  seen,  doping  of  the  crystals  has  resulted  in  the 
appreciable  improvement  of  the  diffraction  efficiency  of  dynamic  gratings  as  compared  to  pure  cadmium  telluride. 
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Fig.  3  Diffraction  efficiency  a  as  a  function  of  the  grating  period  of  the 
dynamic  hologram  L  for  energy  of  the  reference  wave  5  mJ. 


Fig.  4  Diffraction  efficiency  oc  as  a  function  of  the  angle  of  crystal  orientation  P  for 
energy  of  the  reference  wave  5  mJ,  dynamic  grating  period  Z,=7 Aw. 
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Recording  of  dynamic  gratings  in  all  doped  crystals  was  realized  with  a  diffraction  efficiency  of  about  2  %  without  the 
use  of  an  external  electric  field.  The  best  results  for  CdTe:  V  and  CdTe.Fe  crystals  have  been  obtained  when  using  the 
method  of  growth  from  melt.  In  case  of  doping  with  titanium  the  diffusion  method  was  preferable. 

Dynamics  of  the  nonlinear  response  formation  in  the  process  of  recording  photorefractive  gratings  in  a  single  crystal  of 

cadmium  telluride  has  been  studied  using  the  same 
scheme  as  in  Fig.  2,  except  of  the  second  YAG  laser 
for  the  generation  of  reconstructing  wave.  The 
diffraction  efficiency  as  a  function  of  the  delay  time 
was  measured  varying  the  generation  time  of  the 
second  laser.  Fig.  5  presents  the  experimental  results 
obtained  for  different  doped  single  crystals  of 
cadmium  telluride.  As  seen,  the  grating  lifetime  is  ~ 
200  ns,  and  it  is  practically  independent  of  the 
dopant.  It  should  be  remarked  that  this  value 
correlates  well  with  the  data  of  Ref  2. 

At  the  same  time,  the  value  measured  is 
consistent  with  the  relaxation  time  of  thermal 
dynamic  gratings.  Thus,  for  the  thermal  diffusivity  of 
cadmium  telluride  a » 0,05  cm^/s  the  time  of 
thermal  relaxation  of  the  grating  with  a  period  of 
L=l/jm  is  amounting  to  r  =  l} j a ^250  ns. 
Introduction  of  dopants  leads  to  an  increase  in  the 
absorption  factor  (Fig.  1)  and  results  in  the  optical 
density  value  that  is  approximating  the  optimum  one 
for  thermal  nonlinearity  1.1)  ®. 


Fig.5  Diffraction  efficiency  as  a  function  of  the  delay  time  of 
probing  impulse 


4.  CONCLUSION 

In  such  a  manner  the  experiments  performed  has  demonstrated  that  doped  CdTe  crystals  hold  much  promise  as 
photorefractive  media  in  the  near  IR  region.  Doping  of  the  crystal  with  vanadium,  ferrum  and  titanium  has  made  it  possible 
to  increase  diffraction  efficiency  by  a  factor  of  three  and  more.  The  diffraction  efficiency  was  about  2%  when  using  a 
scheme  of  four-wave  mixing  without  an  external  electrical  field.  In  the  process  one  should  keep  in  mind  that  single  crystals 
of  cadmium  telluride  may  reveal  different  mechanisms  of  nonlinearity  necessitating  further  investigation. 
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ABSTRACT 

Investigations  of  resonant  spectral  structures  of  four  wave  mixing  (FWM)  in  molecular  sodium  are  presented.  For 
a  double-A  configuration  with  strong-weak-strong-weak  fields,  split  components  in  FWM  spectra  induced  by  the 
strong  pump  fields  are  observed.  It  is  shown,  that  the  split  components  merge  into  a  single  peak  for  a  certain  ratio 
of  the  strong  field  intensities.  A  strong  correlation  between  the  level  splitting  effects  and  saturation  behaviour  of 
the  FWM-signal  is  experimentally  demonstrated. 

1.  INTRODUCTION 

Nondegenerate  four- wave  mixing  (FWM)  is  a  well  established  technique  for  generation  of  short-wavelength  radiation 
in  pulsed  and  even  in  continuous-wave  (CW)  mode.*”^  For  efficient  CW  FWM  resonant  interaction  with  multilevel 
systems  is  necessary.  By  resonant  sum-frequency  mixing  Lyman-a  radiation  at  121.56  nm  of  nW  power  level 
has  been  generated  recently.^  Whereas  sum-frequency  mixing  provides  shorter  output  wavelengths,  difference 
frequency  mixing  dehvers  higher  output  powers  due  to  better  phase-matching  capabilities  and  compensation  of 
Doppler  shifts  in  gaseous  media.  In  resonantly  driven  double-A  configurations  of  molecular  sodium  mW  power 
levels  have  been  obtained  with  powers  of  the  pump  fields  in  the  order  of  ten  to  hundred  mW ^  The  demonstrated 
conversion  efficiencies  in  these  experiments  appear  to  be  comparable  with  that  achieved  in  FWM  schemes  in  atomic 
Pb  with  pulses  of  MW  pump  power,®  where  resonant  enhancement  is  combined  with  electromagnetically  induced 
transparency  (EIT)  that  eliminates  resonant  absorption. 

The  double-A  configuration  has  also  been  explored  for  parametric  generation  and  self-oscillation  in.®’^°  Using 
counterpropagating  pump  waves  with  powers  of  about  10  /rW  resonant  to  transitions  in  atomic  R,b,  mirrorless  self¬ 
oscillation  of  Stokes-  and  anti-Stokes  output  waves  was  induced.  New  features  of  well-known  phenomena  appear  in 
double-A  schemes,  e.g.  phase  dependent  EIT,  which  has  been  demonstrated  in  atomic  Na.^^  Analogous  schemes 
have  also  been  used  in  experiments  on  phase  conjugation^^’^®  and  nondegenerate  FWM  enhanced  by  the  use  of 
coherent  population  trapping.®^ 

In  resonant  FWM  schemes,  Stark  splitting  of  levels  may  be  significant,  when  one  or  several  pump  fields  are 
strong.  In  particular,  the  EIT  effect  is  closely  related  to  the  splitting  effect  as  it  occurs  because  of  destructive 
interference  of  the  split  Autler- Townes  components.®®  From  the  above  it  follows,  that  the  sphtting  may  lead  to 
the  elimination  of  absorption,  but  on  the  other  hand  it  may  be  also  one  of  the  limiting  factors  for  the  nonlinear 
susceptibility  and  as  a  consequence  for  the  conversion  efficiency.®®  Indeed,  FWM  often  exhibits  saturation  of  the 
output  power  with  an  increase  of  the  pump  power. ®”®'’®'*’®^ 

In®'®  level  splitting  in  degenerated  FWM  (DFWM)  has  been  studied  in  Rb.  In  that  experiment  only  one  pump 
wave  was  strong  enough  to  induce  a  significant  splitting,  all  other  waves  just  served  as  probe  fields  in  the  two-level 
system.  Three  peaks  observed  in  DFWM-spectra  are  closely  related  to  the  well-known  Mollow  triplet®®  in  resonance 
fluorescence. 

In  the  present  paper  we  report  on  investigations  of  level  splitting  effects  in  nondegenerate  four-wave  difference 
frequency  mixing,  and  their  relation  to  saturation  of  the  output  signal.  A  double-A  configuration  in  molecular 
sodium  (Fig.  1)  with  a  strong- weak-strong- weak  field  topology  is  studied  with  all  the  involved  levels  being  split 
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Figure  1.  (a)  Double  A-scheme  realized  in  Na2:  {v,  J)  are  vibrational  and  rotational  quantum  numbers  of 

electronic  X,  A  and  B  states.  Parts  (b)  and  (c)  illustrate  4  resonance  cycles:  levels  |1),  |3)  and  |2),  |4)  are  splitted 
by  strong  fields  with  frequencies  u>i  and  W3,  respectively.  Thick  and  thin  arrows  correspond  to  strong  and  weak 
fields.  Dashed  arrows  represent  waves  generated  in  the  FWM-process. 


and  with  significant  Doppler  broadening.  It  is  demonstrated  that  the  presence  of  a  second  strong  field  may  change 
the  output  spectrum  dramatically.  Split  components  can  be  merged  into  a  single  peak  for  a  certain  ratio  of  the 
intensities  of  the  strong  fields.  This  appearance  strongly  affects  the  saturation  behavior  of  the  FWM. 


2.  EXPERIMENTAL 

In  the  configuration  under  study  (Fig.  1),  strong  fields  with  frequencies  wi  and  W3  are  resonant  to  transitions  1-3 
and  2-4  accordingly.  A  weak  probe  field  u>2  couples  these  strongly  driven  2-level  systems.  As  a  result,  a  fourth  field 
with  frequency  LJ4  =  ui  —  uj2  +  0J3  is  generated  closing  the  cycle.  A  sketch  of  the  experimental  setup  is  shown  in 
Fig.  2.  As  a  pump  laser  for  the  strong  field  at  firequency  uji  we  use  a  DCM  dye  laser  (linewidth  w  8  MHz)  stabilized 
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Figure  2.  Schematic  experimental  setup. 

by  means  of  a  reference  cavity.  The  strong  pump  field  at  frequency  W3  originates  from  a  frequency-doubled  Nd:YAG 
laser  (linewidth  ~  10  kHz/®)  having  a  tuning  range  of  more  than  60  GHz.  In  our  previous  experiments®  ^  the  2nd 
field  (iJs)  was  generated  by  operating  a  Raman  laser,  pumped  by  the  1st  wave  u>i.  However,  this  did  not  allow 
an  independent  tuning  of  this  field.  Therefore,  in  the  present  experiments,  a  diode  laser  is  used  as  a  source  of  the 
weak  probe  field  cj2‘  This  laser  has  a  linewidth  of  i^lOO  kHz  and  can  be  tuned  from  788  to  804  nm  with  1  GHz 
continuous  scans.  Fabry-Perot  interferometers  and  A-meters  are  used  for  frequency  control  of  all  fields. 

All  three  beams  are  linearly  polarized  in  the  same  plane  and  are  focused  in  collinear  geometry  into  a  sodium 
heatpipe  (medium  length  ~  9  cm).  Waist  radii  of  80  and  90  /int,  and  intensities  300  and  400  W/cm  are  estimated 
for  strong  1  and  3  waves,  respectively.  At  the  operation  temperature  (680K)  the  partial  pressure  of  Na  is  0.54  mbar 
and  of  Na2  is  0.15  mbar,  giving  at  thermal  equilibrium  populations  of  the  involved  levels  ^3,4  N2  ^  ^  ■  10®  -C 
iVi  «  4  ■  10“  cm-®. 

For  investigations  of  spectral  splitting  effects  caused  by  the  strong  pump  fields  1  and  3,  the  weak  field  2  serves  as 
a  probe  field.  Tuning  the  frequency  0^2,  the  structure  of  the  levels  2  and  3  is  tested.  The  generated  fourth  field  does 
not  tune  independently,  but  follows  the  frequencies  of  all  involved  fields  according  to  UJ4  =  wi  —  W2  +  W3-  Detuning 
the  second  field,  while  wi  and  W3  are  resonant  and  kept  fixed,  leads  to  a  corresponding  detuning  of  the  generated 
fourth  field  A4  =  -A2.  Here  A4  =  W4  -  W41,  A2  =  W2  -  W32,  and  is  the  Bohr  frequency  oi  i  -  j  transition. 
The  synchronous  tuning  allows  to  check  the  structure  of  the  levels  2,3  and  4,1  simultaneously.  Experimentally, 
this  is  done  by  measuring  the  amplification  g2{^2)  (Raman  gain)  of  a  probe  field  and  the  generated  four-wave 
mixing  power  P4(A2)  at  the  same  time.  For  that  purpose,  the  1st  pump  beam  is  modulated  by  a  chopper  and 
corresponding  signals  are  detected  using  lock-in  technique. 

In  the  split  level  picture  (Fig.  lb,  c)  one  can  immediately  construct  the  expected  spectral  structure  for  motionless 
atoms.  The  strong  fields  wi  and  0)3  induce  a  splitting  of  the  levels  1,3  and  2,4,  respectively.  In  general,  these 
splittings  are  different,  according  to  different  Rabi  frequencies  of  the  fields.  The  weak  fields  UI2  and  can  connect 
these  levels  to  closed  cycles  on  four  different  paths  cis  depicted  in  Fig.  lb,c.  Therefore,  the  spectrum  P4(A2)  will 
consist  of  up  to  4  peaks.  In  case  that  the  Rabi  frequencies  of  the  strong  fields  are  equal  (Dj  =  D3),  the  splittings  of 
the  levels  1,2  and  3,4  become  equal.  Consequently,  the  two  cycles  shown  in  Fig.  lb  degenerate  and  the  spectrum 
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Figure  3.  Raman  amplification  52  of  th®  probe  field  versus  its  detuning  from  resonance  A2  at  the  following  pump 
power:  curve  A:  Pi  =  2  mW,  P3  =  0;  curve  B:  Pi  =  55  mW,  P3  =  0;  ciurve  C:  Pi  =  55  mW,  P3  =  100  mW. 

P4(A2)  reduces  to  three  peaks,  where  the  two  paths  from  Fig.  Ic  are  shifted  by  ±|ni  +  fl3|  from  the  degenerate 
system  of  Fig.  lb. 

A  more  general  theoretical  treatment  of  the  spectral  behaviour  in  a  Doppler-broadened  medium  is  given  in 
ref.,^®  where  analytical  expressions  have  been  obtained  for  the  special  case  W4  w  W2-  It  was  demonstrated  that  the 
spectrum  may  show  additional  peaks,  which  arise  from  interference  between  different  velocity  groups,  and  it  was 
shown  that  even  in  a  Doppler-broadened  medium  degeneracy  can  be  achieved  for  Sli  ~  D3. 

3.  RESULTS  AND  DISCUSSIONS 

Typical  probe-field  spectra  52(A2)  are  shown  in  Fig.  3.  At  low  pump  power  Pi  (see  Fig.  3,  curve  A)  we  observe 
a  single  peak  of  about  130  MHz  width  (FWHM),  which  corresponds  to  Raman  amplification  in  this  system.  An 
increase  of  the  pump  intensity  up  to  Pi  w  50  mW  results  in  a  splitting  of  the  levels  1,3  and  as  a  consequence 
in  a  splitting  of  the  spectrum  (Fig.  3,  curve  B);  these  two  peaks  are  well-known  as  the  Autler- Townes  doublet. 
The  slight  asymmetry  of  the  doublet  shown  here  is  caused  by  a  small  detuning  from  the  exact  resonance  Ai  =  0. 
In  our  experiments  we  use  this  high  sensitivity  of  the  spectrum  to  set  the  pump  laser  frequency  uj\  to  the  line 
center  (accuracy  <  100  MHz).  The  curves  shown  here,  are  measured  with  a  detuning  Ai  w  —200  MHz  from  exact 
resonance;  the  position  of  A2  =  0  in  the  graphs  is  conventionally  set  to  the  center  of  the  curves. 

When  a  weak  third  field  is  added,  the  influence  of  the  splitted  levels  1  and  3  is  also  seen  in  detuning  curve  of 
the  generated  FWM  radiation  P4(A2)  (Fig.  4a,  curve  A).  With  increasing  P3  (Fig.  4a,  curves  A-D)  an  increasing 
splitting  for  the  levels  2  and  4  arises.  By  this,  degeneration  is  approached  and  finally  the  two  peaks  in  Fig.  4a 
almost  merge  into  a  single  peak  (curve  D).  Exact  compensation  of  the  splittings  is  reached  when  Pj  is  reduced  to 
Pi  =  30  mW,  while  P3  is  kept  at  the  maximum  laser  output  power  P3  =  100  mW  (curve  E).  A  similar  behavior  is 
observed  in  the  spectral  dependence  of  the  probe-field  g2{^2)  (Fig.  3,  curve  C),  but  here  weak  side  components  of 
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a  triplet  become  noticeable.  The  power  dependence  PiiPz)  (inset  of  Fig.  4a)  is  extracted  from  Fig.  4a  at  A2  «  0 
and  exhibits  a  linear  growth. 

Let  us  investigate  the  opposite  situation:  the  power  of  the  first  field  is  set  to  a  relatively  low  value  Pi  w  4  mW 
(and  by  this  the  splitting  of  the  levels  1  and  3  is  reduced).  With  increasing  power  P3  the  FWM  spectrum  P4(A2) 
gets  broader  (see  Fig.  4b,  curves  A-C).  For  P3  »  Pi  ($^3  >  ^i)  (curve  C),  the  distorted  spectrum  resembles 
splitting,  but  the  peaks  are  not  as  clearly  separated  as  in  the  opposite  case  Pi  S>  P3  (fli  ^  ^3)  (Fig.  4a).  The 
power  dependence  PAiPs)  in  this  case  (see  inset  of  Fig.  4b)  demonstrates  saturation  and  even  a  decrease  of  the 
output  signal  at  P3  >  30  mW. 

Absolute  values  of  the  powers  are  P4  «  6  /xW  for  Pi  =  35  mW,  P2  =  0.16  mW,  P3  =  65  mW.  The  conversion 
efiiciency  P4/P2  estimated  from  this  is  about  4%  and  the  FWM  coeflacient  c  =  Pa/{PiP2P3)  «  16  W  .  Note, 
that  these  are  directly  measured  values.  Taking  into  account  losses  in  the  medium  and  at  the  cell  windows,  not 
complete  overlapping  of  beams  etc.  (the  same  reasons  as  in^®)  the  primary  values  will  be  significantly  higher. 

Let  us  compare  the  characteristic  frequency  scales  in  more  detail.  The  Rabi  frequencies  of  the  strong  fields  1 
and  3  at  the  beam  waist  are  estimated  to  be  ^1,3  ~  0.3  GHz  whereas  9.2  and  ^4  are  by  2  and  3  orders  of  magnitude 
smaller.  The  relaxation  rates  of  the  levels  are  about  71  «  72  «3  MHz,  73  ~  74  ~30  MHz  including  collisional 
relaxation,20d6  and  Doppler  widths  are  kv^  7^  0.74,0.62,0.93,1.04  GHz  for  the  transitions  in  resonance  with  the 
fields  i  =  1,2,3,4  correspondingly.  Thus,  the  condition  ^2,4  <  lulij  <  ^i,3  <  is  valid:  the  Rabi  frequencies 
of  the  pump  fields  are  larger  than  the  relaxation  constants,  but  smaller  than  the  Doppler  width.  In  this  situatmn 
the  weak  field  intensities  (fields  2,4)  do  not  disturb  the  system,  but  the  thermal  motion  may  influence  the  resulting 
spectra. 

Note,  that  the  measured  weak-field  spectra  92(^2)  (Fig-  3,  curve  A)  and  Pa{A2)  (Fig.  4b,  curve  A)  have  a 
width  of  about  100  MHz,  which  is  significantly  larger  than  the  decay  rates.  Such  broad  spectra  have  been  already 
observed  for  Na2  Raman  lines  (see^®  and  references  therein),  and  the  broadening  effects  have  been  discussed  in 
detail.  On  the  contrary,  the  observed  splitting  is  smaller  than  the  estimated  one  (taking  the  Doppler  broadening 
into  account,  the  separation  is  k9i,  k  =  4^/(1  -  fc2/fci)*2Ai  -  1-4  in  our  system).  This  discrepancy  might  be 
caused  by  transverse  and  longitudinal  intensity  variations,  which  reduce  the  average  intensity  by  a  factor  of  about 
2  in  our  case.  For  a  quantitative  comparison  accurate  spontaneous  decay  rates  Aij  and  a  consideration  of  the 
magnetic  sublevels  are  necessary. 

It  is  remarkable,  that  for  fla  <  we  see  similar  pictures  in  c?2(A2)  and  P4(A2)  (Fig.  3,  curve  B  and  Fig.  4a, 
curves  A,  B).  This  means  that  the  2nd  field  plays  the  main  role  in  testing  the  split  structure,  while  the  3rd  field 
just  closes  the  FWM  cycle.  In  the  opposite  case,  fli  9^,  the  3rd  field  induces  splitting  itself,  but  we  observe 
only  broadening  without  clear  splitting  in  the  FWM  spectrum  (Fig.  4b,  curve  C).  This  is  because  the  upper  levels 
in  the  F-type  scheme  formed  by  the  fields  0x2,  W3  (levels  3-2-4)  are  empty.  Consequently  two-photon  processes  are 
suppressed.  In  the  A-type  scheme,  which  is  formed  by  the  fields  0x3,  W4  (levels  2,4,1),  with  W4  >  W3  the  splitting 
should  be  washed  out  under  Doppler  broadening. 

At  93  TV  9i,  the  split  components  converge  in  both  spectra  (Fig.  4a,  curves  D,  E  and  Fig.  3,  curve  C).  This 
situation  corresponds  to  Fig.  lb,  when  the  cycles  degenerate.  The  side  components  in  92(^2)  correspond  to  the 
crossed  cycles  shown  in  Fig.  Ic  and  have  lower  amplitude.  Therefore  these  side  peaks  are  not  seen  m  the  FWM 
spectrum  P4(A2)  (Fig.  4a)  and  the  spectrum  is  dominated  by  the  degenerated  cycles  corresponding  to  Fig.  lb. 

Our  analysis  of  the  saturation  behavior  (insets  in  Fig.  4a, b)  leads  to  the  conclusion  that  the  dependence  ^4(^3) 
starts  to  saturate  at  an  intensity  ratio  P3/P1  ~  A31/A42,  corresponding  to  equal  Rabi  frequencies  ^3  w  fli.  This 
means,  that  the  saturation  parameter  for  this  dependence  is  not  set  by  the  medium  but  by  the  intensity  of  the 
pump  fields  1,3,  mutually:  increasing  Pi  moves  the  saturation  level  for  P3  to  higher  intensities  and  vice  versa.  This 
is  not  normal  saturation,  but  similar  to  resonance  behavior,  i.e.  above  the  resonance  value  ^3  >  Oi  the  output 
signal  should  decrease,  which  is  confirmed  by  the  experiment  (see  inset  in  Fig.  4b). 

This  saturation  mechanism  has  been  proposed  in^®  and  is  proved  by  direct  measurements  in  this  work.  The 
picture  is  consistent  with  experimental  data  obtained  earlier.®”^  In  case  of  strong  fields  resonant  to  adjacent 
transitions^^  such  a  clear  picture  of  Rabi  frequency  resonance  is  no  more  valid,  since  the  fields  influence  each  other 
and  split  each  level  into  three  components.  Velocity  averaging  comphcates  the  picture  further.^^’  Nevertheless, 
one  expects  that  in  this  case,  too,  the  ratio  between  strong  field  intensities  should  influence  the  number  of  peaks, 
their  separation  and  power  saturation  behavior. 


134 


Proc.  SPIE  Vol.  4353 


P4  [arb.  u.] 


Figure  4.  FWM  output  P4  at  frequency  W4  versus  probe-field  detuning  A2  at  the  following  pump  powers:  (a) 
Pi  =  65  mW;  P3  =  4  mW  (curve  A),  13  mW  (B),  40  mW  (C),  100  mW  (D);  curve  E  (dotted)  for  Pi  =  30  mW; 
P3  =  100  mW;  (b)  Pi  =  4  mW;  P3  =  10  mW  (curve  A),  40  mW  (B),  100  mW  (C).  Insets  show  the  corresponding 
dependencies  P^iPz)  at  A2  ~  0. 
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4.  CONCLUSION 

Summarizing,  we  demonstrate  in  the  present  paper,  that  splittings  in  FWM  spectra,  induced  by  strong  pump  fields, 
can  be  merged  by  choosing  nearly  equal  Rabi  frequencies  of  the  pump  fields.  This  can  be  understood  as  a  mutual 
compensation  of  the  splittings  induced  by  different  fields.  As  a  result  the  FWM  signal  shows  the  maximum  value 
at  the  line  center  and  grows  without  saturation  up  to  Rabi  frequencies  comparable  with  the  Doppler  width.  This  is 
important  for  the  efficient  generation  of  radiation  by  nonlinear  processes,  which  are  currently  under  investigation. 
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0016G). 

REFERENCES 

1.  R.  R.  Freeman,  G.  C.  Bjorklund,  N.  P.  Economou,  P.  F.  Liao,  and  J.  E.  Bjorkholm,  “Generation  of  CW  VUV 
coherent  radiation  by  four- wave  sum  frequency  mixing  in  Sr  vapour,”  Appl.  Phys.  Lett.  33(8),  p.  739,  1978. 

2.  A.  Timmerman  and  R.  Wallenstein,  “Generation  of  tunable  single-frequency  continuous-wave  coherent 
vacuum-ultraviolet  radiation,”  Opt.  Lett.  8(10),  p.  517,  1983. 

3.  L.  P.  Bolotskikh,  A.  L.  Vysotin,  I.  Thek-de,  O.  P.  Podavalova,  and  A.  K.  Popov,  “Continuous-wave  frequency 
mixing  and  UV  generation  in  sodium  vapor,”  Appl.  Phys.  B  35(4),  pp.  249-252,  1984. 

4.  K.  S.  E.  Eikema,  J.  Waltz,  and  T.  W.  Hansch,  “Continuous  wave  coherent  lyman-a  radiation,”  Phys.  Rev. 
Lett.  83(19),  pp.  3828-3831,  1999. 

5.  S.  Babin,  U.  Hinze,  E.  Tiemann,  and  B.  Wellegehausen,  “Continuous  resonant  four-wave  mixing  in  double-A 
level  configuration  of  Na2,”  Opt.  Lett.  21(15),  pp.  1186-1188,  1996. 

6.  A.  Apolonsky,  S.  Baluschev,  U.  Hinze,  E.  Tiemann,  and  B.  Wellegehausen,  “Continuous  frequency  up- 
conversion  in  double-A  scheme  in  Na2,”  Appl.  Phys.  B  64(4),  pp.  435-442,  1997. 

7.  U.  Hinze,  L.  Meyer,  E.  Chichkov,  B.  Tiemann,  and  B.  Wellegehausen,  “Continuous  parametric  amplification 
in  a  resonantly  driven  double-A  system,”  Opt.  Comm  166(1-6),  pp.  127-132,  1999. 

8.  M.  Jain,  H.  Xia,  G.  Y.  Yin,  A.  J.  Merriam,  and  S.  E.  Harris,  “Efficient  nonlinear  frequency  conversion  with 
maximal  atomic  coherence,”  Phys.  Rev.  Lett.  77(21),  pp.  4326-4329,  1996. 

9.  M.  D.  Lukin,  P.  R.  Hemmer,  M.  Loffer,  and  M.  O.  Scully,  “Resonant  enhancement  of  parametric  processes  via 
radiative  interference  and  induced  coherence,”  Phys.  Rev.  Lett.  81(13),  pp.  2675-2678,  1998. 

10.  A.  S.  Zibrov,  M.  D.  Lukin,  and  M.  O.  Scully,  “Nondegenerate  parametric  self-oscillation  via  multiwave  mixing 
ih  coherent  atomic  media,”  Phys.  Rev.  Lett.  83(20),  p.  4049,  1999. 

11.  E.  A.  Korsunsky,  N.  Leinfellner,  A.  Huss,  S.  Balushev,  and  L.  Windholz,  “Phase-dependent  electomagnetically 
induced  transparency,”  Phys.  Rev.  A  59(3),  p.  2302,  1999. 

12.  P.  R.  Hemmer,  D.  P.  Katz,  J.  Donohue,  M.  Cronin-Golomb,  M.  S.  Shahriar,  and  P.  Kumar,  “Efficient  low- 
intensity  phase  conjugation  bcised  on  coherent  population  trapping  in  sodium.  Opt.  Lett.  20(9),  pp.  982—984, 
1995. 

13.  T.  T.  Grove,  E.  Rousseau,  X.-W.  Xia,  D.  S.  Hsiung,  and  M.  S.  Shahriar,  “Efficient  and  fast  optical  phase 
conjugation  by  use  of  two-photon-induced  gratings  in  the  orientation  of  angular  momentum.  Opt.  Lett.  22(22), 
p.  1677,  1997. 

14.  B.  Lii,  W.  H.  Burkett,  and  M.  Xiao,  “Nondegenerate  four-wave  mixing  in  a  double-A  system  under  the  influence 
of  coherent  population  trapping,”  Opt.  Lett.  23(10),  p.  804,  19. 

15.  S.  E.  Harris,  J.  E.  Field,  and  A.  Imamoglu,  “Nonlinear  optical  processes  using  electomagnetically  induced 
transparency,”  Phys.  Rev.  Lett.  64(10),  pp.  1107-1110,  1990. 

16.  S.  A.  Babin,  E.  V.  Podivilov,  D.  A.  Shapiro,  U.  Hinze,  E.  Tiemann,  and  B.  Wellegehausen,  “Effects  of  strong 
driving  fields  in  resonant  four-wave  mixing  schemes  with  down-conversion,”  Phys.  Rev.  A  59(2),  pp.  1355-1366, 
1999. 

17.  J.  Lin,  A.  Rubiera,  and  Y.  Zhu,  “Nearly  resonant  four-wave  mixing  with  bichromatic  laser  fields  in  a  Rb 
atomic  systems,”  Phys.  Rev.  A  52(6),  pp.  4882-4885,  1995. 

18.  B.  R.  Mollow,  “Stimulated  emission  and  absorption  near  resonance  for  driven  systems,”  Phys.  Rev.  A  5(5), 
pp.  2217-2222, 1972. 


136 


Proc.  SPIE  Vol.  4353 


19.  M.  Bode,  I.  Freitag,  A.  Tiinnermann,  and  H.  Welling,  “Frequency-tunable  500-mW  continous-wave  all-solid- 
state  single-frequency  source  in  the  blue  spectral  region,”  Opt.  Lett.  22(16),  pp.  1220-1222,  1997. 

20.  B.  Wellegehausen,  “Optically  pumped  CW  dimer  lasers,”  IEEE  J.  Quant.  Electr.  15(10),  pp.  1108-1130, 1979. 

21.  A.  K.  Popov  and  S.  A.  Myslivets,  “Resonant  four-wave  frequency  mixing  in  Doppler  broadened  transitions,” 
Kvant.  Elektr.  24(11),  pp.  1033-1038, 1997. 

22.  Y.  I.  Belousov,  E.  V.  Podivilov,  M.  G.  Stepanov,  and  D.  A.  Shapiro,  “Nonhnear  resonances  free  of  intensity 
and  Doppler  broadening,”  JETP  118(8),  2000. 


Proc.  SPIE  Vol.  4353 


137 


Intracavity  self-adapted  photorefractive  Fabry-Perot 


Nicolas  Dubreuil,  Laurent  Meilhac,  Stephana  Victori,  Gilles  Pauliat,  Patrick  Georges,  Alain  Brun, 

Jean-Michel  Jonathan,  and  Gerald  Roosen 

Laboratoire  Charles  Fabry  de  I’lnstitut  d’Optique,  Unite  Mixte  de  Recherche  8501  du  Centre  National 
de  la  Recherche  Scientifique,  Bat.  503,  Centre  Scientifique,  B.P.  147,  91403  Orsay  Cedex,  France 

ABSTRACT 

Dramatic  reduction  of  the  number  of  oscillating  modes  in  CW  and  pulsed  lasers  has  been  observed  using  a  photorefractive 
crystal  placed  inside  the  cavity.  Reflective  Bragg  gratings  recorded  by  the  standing  waves  inside  the  crystal  act  with  the 
output  coupler  as  a  self-adapted  Fabry-Perot  filter.  Its  spectral  characteristics  enhance  mode  competitions  which  can  lead  to 
a  single  mode  operation. 

Keywords:  lasers,  photorefractive,  mode  selection,  Fabry-Perot 

1.  INTRODUCTION 

Many  lasers  oscillate  over  several  simultaneous  modes.  The  reduction  of  their  number  may  be  achieved  by  intracavity 
filtering.  The  insertion  of  differential  losses  between  the  modes  can  force  the  laser  to  operate  over  a  single-mode.  Intracavity 
filters  are  divided  in  two  classes.  The  first  covers  “static”  filters  using  etalons,  Lyot  filters,  interferometer,  multiple-mirror 
cavities,  etc.'  They  impose  additional  remrn-phase  conditions  to  the  oscillating  modes,  are  inserted  inside  the  laser  cavity  in 
a  fixed  geometry  and  may  require  precise  alignment  and  adjustments.  “Dynamic”  filters  form  a  second  class,  with  the 
particularity  to  be  self-adapted  to  laser  modes.  Among  them,  a  wide  variety  is  based  on  the  principle  of  the  intracavity 
dynamic  holography.  These  holograms  that  selectively  introduce  losses  on  laser  modes,  are  recorded  inside  various  kinds  of 
media  by  the  modes  themselves  using  several  physical  mechanics,  e.g.,  samrable  amplifiers^  saturable  absorbers^  optically 
induced  thermal  gratings". 

This  article  focuses  on  the  use  of  holograms  recorded  inside  photorefractive  crystals,  where  index  gratings  are  generated 
by  an  optical  interference  pattern.’  Up  to  now,  the  main  application  of  photorefractive  effect  in  lasers  was  phase-eonjugate 
mirrors  for  self-adaptive  correction  of  mode  distorsions.*  This  novel  application  has  been  proposed  for  axial  laser  mode 
selection  inside  the  cavity.''  ®  A  hologram,  recorded  in  a  two  wave  mixing  configuration  by  the  mode  structure  of  the  laser 
itself  introduces  a  strong  selectivity  between  axial  modes.  We  show  that  the  photorefractive  filter,  which  has  been  used,  is 
similar  to  a  Fabry-Perot  filter.  The  dynamic  properties  of  the  photorefractive  effect  is  such  that  this  filter  continuously 
adapts  itself  to  the  laser  modes.  Its  spectral  behavior  is  described,  as  well  as  the  competition  process  that  takes  place 
between  oscillating  modes.  Demonstrations  of  axial  mode  selection  in  CW  dye  laser,  pulsed  Ti:Sapphire  laser  and  CW 
Nd;YV04  laser  are  presented.  Finally,  we  analyze  laser  mode  competition  in  CW  lasers,  taking  into  account  laser  gain 
properties  and  wavelength  dependence  of  the  cavity  losses  induced  by  the  self-adapted  Fabry-Perot. 
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3.  DEMONSTRATIONS  OF  AXIAL  MODE  SELECTION  IN  CW  AND  PULSED  LASERS 


The  first  experiment  with  an  intracavity  photorefractive  element  {a  BaTiOj  crystal)  was  performed  in  a  continuous-wave 
dye  laser.’’'”.  A  drastic  reduction  of  the  number  of  oscillating  modes  was  achieved  and  single-mode  operation  reported  for  a 
specific  position  of  the  BaTiOj  crystal  inside  the  linear  cavity.  However,  this  situation  could  only  be  observed  close  to  the 
threshold  pump  level. 

Recently,  we  applied  this  technique  with  success  and  observed  a  dramatic  reduction  of  the  number  of  oscillating  modes  in  a 
pulsed  Ti:Sapphire  laser,*  pumped  by  a  Q-switched  fi-equency  doubled  Nd:YAG  laser  operating  at  10  Hz  repetition  rate 
(figure  3).  The  Ti:Sapphire  cavity  is  closed  by  a  concave  mirror  and  an  output  plane  mirror  with  a  reflectivity  of  60  %.  Two 
intracavity  prisms  allow,  by  tilting  the  concave  mirror,  some  spectral  tunability  and  a  reduction  of  the  laser  spectrum.  In 
these  conditions,  40  ns  pulses  around  760  nm  are  produced  with  a  maximum  energy  of  21  mJ.  The  output  light  has  been 
analyzed  with  a  50  GHz  free  spectral  range  planar  Fabry-Perot  interferometer.  The  measured  spectrum  is  reproduced  in 
figure  4.(a)  and  shows  a  spectral  line  width  of  300  GHz. 


Figure  3.  Ti:Sapphire  laser  cavity  with  a  BaTiOjiCo  photorefractive  crystal  is  inserted  close  to  the  output  coupler. 


Figure  4.  Spectrum  of  the  Tiisapphire  laser  obtained  without  (a)  and  with  (b,c)  the  photorefractive  BaTiOjiCo  crystal  inside 
the  cavity.  The  initial  spectrum  is  reduced  by  a  ratio  of  300.  Spectra  have  been  measured  with  Fabry-Perot  interferometers 

of  free  spectral  range  of  50  GHz  (a)  and  2.2  GHz  (b-c). 
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A  45°  cut  BaTi03:Co  photorefractive  crystal  is  then  inserted  inside  the  cavity,  close  to  the  output  coupler.  Its  thiekness  is 
2  nun  and  its  photorefractive  gain  around  760  nm  is  approximately  equal  to  6  cm'*.  The  laser  spectrum  measured  few 
seconds  later  is  much  narrower  (figure  4.(b)).  Decreasing  the  free  spectral  range  of  the  Fabry-Perot  interferometer  to 
2.2  GHz  shows  the  final  doublet  structure  for  the  laser  (figure  4.(c)).  Its  line  width,  estimated  to  1  GHz,  has  therefore  been 
reduced  by  a  ratio  300  from  the  initial  laser  spectrum.  This  doublet  structure  possibly  originates  from  the  inhomogeneous 
broadening  caused  by  spatial  hole  burning  effect  in  the  amplifier  medium. 

We  performed  a  second  experiment  in  the  continuous-wave  regime  with  a  diode-pumped  Nd;YV04  laser  emitting  at 
1.06  pm.®  Its  cavity  arrangement  is  described  in  figure  5.  The  high-reflectivity  mirror  is  directly  coated  on  the  input  faee  of 
the  laser  crystal  and  the  output  mirror  reflectivity  is  taken  equal  to  50  %.  The  cavity  length  is  75  cm.  The  output  spectrum  is 
monitored  using  a  confocal  Fabry-Perot  scanning  interferometer  with  a  1.5  GHz  free  spectral  range.  Figure  6-a  (doted 
curve)  represents  the  initial  spectrum  which  characterizes  a  multiple  mode  behavior  of  the  laser. 


Figure  5.  Nd;YV04  laser  cavity  scheme.  A  BaTi03:Rh  photorefractive  crystal  is  inserted  close  to  the  50  %  output  coupler. 


A  3.5  mm  thick,  antireflection  coated,  45°  cut  BaTiOjiRh  photorefractive  crystal  is  inserted  close  to  the  output  coupler. 
The  doping  of  BaTi03  crystal  with  Rhodium  extends  its  sensitivity  to  longer  wavelength  and  gives  comparable 
photorefractive  gain  to  the  previous  case.  The  spectrum  of  the  output  light  analyzed  a  few  seconds  after  the  insertion  of  the 
crystal  is  shown  by  curve  (b)  in  figure  6.  Its  narrow  line  proves  the  single-mode  operation  of  the  laser.  This  behavior  has 
been  obtained  whatever  the  position  of  the  BaTi03:Rh  crystal  with  respect  to  the  output  coupler. 
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Figure  6.  Measured  spectra  of  the  Nd:YV04  laser  without  (a)  and  with  (b)  an  inserted  BaTi03:Rh  photorefractive  crystal. 
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2.  EVTRACAVITY  SELF-ADAPTED  PHOTOREFRACTIVE  FABRY-PEROT 


We  consider  a  linear  laser  cavity  inside  which  a  photorefiactive  crystal  is  placed  close  to  the  output  coupler,  as  shown  in 
figure  1.  The  standing  waves  patterns  corresponding  to  each  axial  mode  record  competing  index  gratings  inside  the 
photorefiactive  crystal.  This  competition  is  caused  by  the  fact  that,  in  the  photorefiactive  effect,  the  modulation  rate  of  these 
gratings  is  proportional  to  the  mode  intensity  and  inversely  proportional  to  the  total  intracavity  laser  intensity.  Let’s  now 
consider,  for  simplicity,  that  a  single  axial  mode  (referred  to  as  mode  “0”)  oscillates  in  the  cavity.  The  contra-propagating 
waves  E+  and  E-  (figure  1),  associated  to  mode  “0”  are  diffracted  by  the  grating  they  have  just  recorded.  In  the  case  of  the 
photorefiactive  crystals  used  here,  the  induced  index  grating  is  phase  shifted  by  +/-  jr/2  with  respect  to  the  interference 
pattern.  The  crystal  orientation  may  be  chosen  for  constructive  interference  (see  figurel)  between  wave  2,  (diffiacted  from 
E+  by  the  grating),  and  wave  1  (E-  transmitted  through  the  crystal).  Consequently,  the  component  made  of  the  Bragg  grating 
and  the  output  coupler  mirror  is  similar  to  a  Fabry-Perot,  filter  self-adapted  to  laser  modes. 


^  Amplifying 
medium 


Photorefiactive 

crystal  Output 
^  I - 1  E-  I"  coupler 
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Figurel.  Linear  laser  cavity  with  a  self-adapted  Fabry-Perot  made  by  a  photorefiactive  crystal  and  the  output  mirror. 

The  spectral  reflectivity  of  this  self-adapted  Fabry-Perot  is  plotted  in  figure  2  in  a  single  mode  case.  We  supposed  that 
other  modes  have  been  suppressed  by  their  respective  loss.  This  is  the  reflectivity  experienced  by  a  reading  wave  whose 
wavelength  is  shifted  by  AX  relatively  to  the  wavelength  of  the  writing  wave.  In  this  example,  the  photorefiactive  gain  of 
the  crystal  has  been  taken  equal  to  6  cm'‘,  its  thickness  is  2  mm;  the  output  coupler  reflectivity  is  50  %  and  is  placed  at  2  cm 
from  the  photorefractive  crystal.  This  reflectivity  was  obtained  by  solving  numerically  the  classical  two  waves  coupling 
equations,  taking  into  account  the  phase  relation  imposed  by  the  output  mirror.’  The  envelope  of  the  curve  reflects  the  Bragg 
selectivity  of  the  thick  grating  written  in  the  crystal.  The  periodic  structure  describes  the  multiple  interference  phenomena 
taking  place  between  the  grating  and  the  output  mirror.  The  frequency  spacing  between  two  peaks  is  the  free  spectral  range 
of  this  Fabry-Perot  and  is  inversely  proportional  to  the  distance  from  the  crystal  to  the  mirror. 


Reflectivity 


Figure  2.  Reflectivity  behavior  of  the  self-adapted  phototrefractive  Fabry-Perot. 
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4.  MODELING  OF  CW  LASERS 


The  previous  experimental  results  show  the  efficiency  of  an  intracavity  self-adapted  photreffactive  Fabry-Perot  for  reducing 
the  number  of  oscillating  laser  modes.  Although,  some  difficulties  remain,  as  reported  in  the  case  of  the  dye  laser 
experiment.  For  a  better  understanding  we  analyzed  CW  laser  mode  competition  with  a  model  taking  into  account  the  laser 
gain  properties  and  the  slective  losses  of  the  photoreffactive  Fabry-Perot." 

A  CW  standing  wave  laser  cavity  with  a  4-level,  homogeneously  broadened  gain  medium  is  considered.  We  take  into 
account  the  residual  inhomogeneity,  induced  by  spatial  hole  burning  effect,  which  shapes  the  population  inversion.  An  other 
laser  axial  mode  can  take  advantage  of  this  non-uniform  gain  distribution  to  oscillate.  A  diffusion  process  is  also  considered, 
which  smoothes  the  spatial  hole  burning  effect."  In  a  first  step,  one  mode  is  considered  to  oscillate.  From  the  rate  equations 
and  the  cavity  geometry  we  calculate  the  longitudinal  gain  distribution  along  the  laser  crystal.  This  laser  mode  records  a 
grating  inside  the  photorefractive  crystal.  The  calculated  gain  experienced  by  the  other  laser  modes  is  then  compared  to  their 
losses  imposed  by  the  spectral  behavior  of  the  photoreffactive  Fabry-Perot. 

We  first  applied  our  model  to  the  dye  laser  experiment  reported  by  Whitten  and  Ramsey.’''”  Energy  diffusion  is 
negligible  in  such  a  laser.  We  assume  that  mode  “0”  is  the  only  one  to  oscillate.  The  calculated  gain  and  losses  experienced 
by  20  modes  close  to  mode  “0”  are  plotted  in  figure  7.  The  gain  (doted  curve)  has  been  calculated  for  pump  intensities  equal 
to  1 .5  and  3  times  the  dye  laser  threshold  intensity.  The  losses  are  imposed  by  the  self-adapted  Fabry-Perot  transmission  and 
have  been  plotted  (solid  and  dashed  lines)  for  two  positions  of  the  photoreffactive  crystal  inside  the  cavity.  The  solid  line 
curve  is  obtained  when  the  distance  between  the  front  mirror  and  the  active  medium  (^/^  of  figure  7)  is  equal  to  the  Fabry- 
Perot  thickness  {d,  of  figure  7).  The  dashed  line  curve  represents  loss  evolution  when  d,<  d2.  This  simulation  agrees  with  the 
observation  of  Whitten  and  Ramsey.  Particularly,  the  loss  level  is  higher  than  the  gain  level  for  any  mode,  except  mode  “0”, 
near  to  threshold  and  in  the  situation  where  dr  d^ .  A  single-mode  operation  can  be  achieved  in  this  situation  because  the 
loss  and  gain  curve  periodicities  are  equal.  But  this  is  limited  to  a  moderate  pump  level,  as  reported  in  reference  7.  In 
addition,  a  change  in  the  Fabry-Perot  thickness  induces  a  variation  of  the  loss  periodicity  and  a  single-mode  operation  can 
never  be  achieved.  This  is  illustrated  in  figure  7,  where  the  dashed  line  curve  need  to  be  compared  to  the  gain  curves.  A 
couple  of  modes  have  a  gain  higher  than  their  loss  and  reach  the  threshold  condition.  The  number  of  oscillating  modes  is 
reduced  but  the  laser  can  not  oscillate  over  one  single-mode. 
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Figure  7.  Calculated  gain  (dots)  and  loss  levels  (lines)  for  20  modes  close  to  the  oscillating  mode  “O’  in  the  case  of  the  dye 
laser.  The  pump  intensity  is  1.5  and  3  times  the  threshold  pump  intensity.  The  selective  loss  level  (  Fabry-Perot 
transmission)  is  plotted  when  the  distance  <7^  between  the  ffont  mirror  and  the  active  medium  is  equal  (solid  line)  or  longer 
(dashed  line)  than  the  Fabry-Perot  thickness  d, . 
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The  same  comparisons  have  been  performed  for  the  Nd:YV04  laser  experiment  reported  in  part  3.  As  the  diffusion 
coefficient  is  unknown  is  this  medium,  we  set  it  to  0  mis'',  which  favors  multimode  operation.  Considering  the  cavity 
geometry  described  previously,  the  calculated  gain  and  losses  experienced  for  20  modes  near  to  lasing  mode  “0”  are  plotted 
in  figure  8.  One  can  see  that  for  a  pump  intensity  as  high  as  10  times  above  threshold  pump  intensity  a  single-mode 
oscillates.  It  is  mainly  because  the  amplifier  medium  is  placed  at  one  end  of  the  laser  cavity.  It  is  worth  noticing  that  such  a 
laser  is  not  sensitive  to  the  Fabry-Perot  thickness,  as  it  was  experimentaly  reported. 
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Figure  8.  Calculated  gain  (dots)  and  loss  levels  (line  curve)  for  20  modes  close  to  the  only  oscillating  mode  “O’  in  the  case 
of  Nd:YV04  laser  experiment  reported  in  part  3.  The  gain  is  plotted  for  pump  intensities  equal  to  3  and  10  times  the 

threshold  piunp  intensity. 


5.  CONCLUSIONS 

We  have  reviewed  experimental  results  on  the  use  of  a  self-adapted  photoreffactive  Fabry-Perot  inside  laser  cavity.  This 
technique  has  been  used  with  success  in  both  CW  and  pulsed  laser.  By  self-adaptation  to  the  laser  modes,  it  does  not 
require,  as  fixed  Fabry-Perot  etalons  or  Lyot  filters  do,  precise  adjustment  to  the  wavelength  of  oscillating  modes.  In 
addition,  the  insertion  of  the  crystal  does  not  significantly  change  the  geometry  of  the  laser.  The  wide  variety  of  existing 
photoreffactive  crystals  makes  the  principle  applicable  to  many  lasers.  The  numerical  model  that  we  elaborated,  is  able  to 
predict  the  maximum  pump  intensity  under  which  single-mode  operation  is  maintained.  Specific  tailoring  of  the  Fabry-Perot 
characteristics  (photoreffactive  gain,  crystal  thickness  and  position)  may  be  achieved  to  favor  single-mode  operation.  We 
are  studying  new  geometries,  in  two  and  four  waves  mixing  configuration.  Other  perspectives  are  the  use  of  this  intracavity 
dynamic  holography  principle  for  spatial  mode  shapping. 
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One-  and  two-axis  laser  cavities  for  dual-frequency  operation 

and  microwave  generation 


M.  Alouim,  F.  Bretenaker,  M.  Brunei,  D.  Qiauvat,  O.  Emile,  A.  Le  Floch,  G.  Ropars,  and  M.  Vallet 
Laboratoire  d'Electronique  Quantique-Physique  des  Lasers,  Unite  Mixte  de  Recherche  du  Centre  National  de  la  Recherche 
Scientifique  6627,  Universite  de  Rennes  I,  Campus  de  Beaulieu,  F-35042  Rennes  Cedex,  France 

Two-frequency  soKd-state  lasers  are  shown  to  provide  beat  notes  at  frequencies  from  de  to  the  THz  range  with 
continuous  tunability,  high  spectral  punty  and  100%  modulation  depth.  Depending  on  the  desired  range,  one- 
and  two-axis  cavities  are  built.  Applications  of  such  lasers  as  a  local  oscillator  m  radio-over-fibre 
commumcation  systems  or  as  a  quasi-absolute  tunable  frequency  source  for  highly-dense  wavelength  division 
multiplexed  networks  are  emphasixed. 


I.  Introduction 

Optical  generation  of  microwaves  is  desired 
in  the  1-10  GHz  range  for  radars  and  mobile 
phones  [1,2],  in  the  55-60  GHz  range  for  short- 
range  radio  [3],  and  in  the  THz  range  (sub¬ 
millimeter  wavelengths)  for  imaging  and 
spectroscopy  [4].  An  ideal  source  would 
generate  an  optical  beat  note  from  a  single  laser 
cavity,  with  a  continuous  tunability,  high  spectral 
purity,  and  high  output  power.  We  aim  to  show 
that  a  diode-ptimped  solid-state  laser  containing 
an  adjustable  birefringence  provides  a  solution  to 
fulfill  these  requirements.  We  first  describe  a 
single  axis  laser  cavity  in  the  GHz  range  (Section 
n).  Then,  we  emphasize  the  use  of  a  two-axis 
cavity  to  obtain  a  dual-absolute  frequency  source 
at  1.55  pm  with  a  frequency  difference  up  to  the 
THz  range  (Section  HI).  Conclusions  are  drawn 
in  Section  IV. 

II.  Highly  stable  optical 
MICROWAVE  generation 

We  first  consider  the  laser  cavity  depicted  in 
Fig.  1.  It  is  closed  by  mirrors  Mi  and  M2,  and 
contains  an  isotropic  solid-state  active  medium 
axially  pumped  by  a  diode  laser.  It  also  contains 
a  phase  anisotropy  (linear  birefi-ingence),  which 
creates  an  optical  path  length  difference  between 
X-  and  y-polarized  waves  inside  the  cavity.  The 
resonance  condition  is  obtained  from  the  relation 
ME^'kE,  where  M  is  the  round-trip  Jones 


matrix  of  the  cavity,  E  the  electromagnetic  field 
and  A  the  eigenvalue  which  yields  the  eigen- 
frequencies  of  the  laser.  In  this  case,  the 
eigenvectors  are  a  x-polarized  eigenstate  with 
eigenfrequency  Vx  and  a  y-polarized  eigenstate 
with  eigenfrequency  15,.  The  eigenfrequency 
difference  is  linked  to  the  birefiingence 
A (i?  through  the  relation: 


Ecp  c 


(1) 


where  c  is  the  velocity  of  light  and  L  the  length 
of  the  cavity.  Hence,  continuous  tuning  of  the 
birefiingence  permits  to  adjust  the  beat  note 


Fig.  1:  Two-frequency  solid-state  laser.  Mi,  M2: 
mirrors.  P:  polarizer. 

frequency  continuously  within  0<Av<c/4I. 
The  experiment  is  realized  with  a  Nd:YAG  laser 
operating  at  1 .064  pm,  pumped  by  a  diode  laser 
emitting  at  808  nm.  The  phase  anisotropy  is 


Laser  Optics  2000:  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
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realized  using  two  orientable  quarter-wave  plates 
[5].  In  a  first  step,  a  L=52  mm-long  cavity  is 
built.  This  gives  a  beat  note  frequency  range  of 
1.5  GHz.  The  laser  output  is  sent  to  a  photodiode 
placed  behind  a  polarizer  which  mixes  the  two 
eigenpolarizations.  Fig.  2  depicts  the  700  MHz 


Fig.  2:  Experimental  observation  of  the  700  MHz 
beat  note  from  the  two-frequency  NdrYAG  laser. 


Frequency 

Fig.  3:  Experimental  observation  of  the  optical 
spectrum  of  the  8  mm  long  cavity. 

heat  note  obtained  with  an  optical  power  of 
lOmW.  Note  the  100%  modulation  depth.  We 
also  verify  that  this  frequency  is  continuously 
tunable  between  dc  and  1.5  GHz  by  rotating  one 
of  the  quarter-wave  plates.  Moreover,  one  can 
see  from  Eq.  1  that  the  beat  frequency  range  is 
increased  by  shortening  the  cavity.  The  optical 
spectrum  obtained  when  the  cavity  length  is 
reduced  to  Z=8  mm  is  shown  in  Fig.  3,  where  an 
expected  10  GHz  frequency  difference  is 
evidenced. 


To  turn  such  a  two-frequency  laser  source 
into  a  local  oscillator  for  radio-over-fibre 
applications,  we  move  to  the  1.55  pm 
wavelength  range.  It  is  reached  using  an 
Er:Yb:Glass  active  medium,  as  shown  in  Fig.  4. 
The  active  medium  is  now  pumped  by  a  laser 
diode  emitting  at  975  run.  When  a  50  pm-thick 
etalon  is  inserted  inside  the  5  cm-long  cavity,  we 
obtain  longitudinally  monomode 


Fig.  4:  Two-tunable  frequency  laser  at  1.55  pm. 

oscillation,  (see  Fig.  5).  Then,  introducing  a 
LiTaOs  birefringent  crystal  permits  to  split  this 
longitudinal  mode  into  two  x  and  ^ 
eigenpolarization  modes  (x  and  y  are  defined  by 
the  neutral  axes  of  the  crystal).  The  dual¬ 
frequency  operation  is  witnessed  in  the  insert  of 
Fig.  5.  Furthermore,  thanks  to  the  electro-optic 
properties  of  LiTa03,  one  can  voltage-control  the 
frequency  difference.  The  frequency  difference 
is  now  written  Av  =  Avq  +  TF,  where  A  vo  is  the 
frequency  difference  as  defined  by  Eq.  1  without 
any  voltage  applied  to  the  crystal,  F  is  a  scale 
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Fig.  5:  Experimental  optical  spectrum  of  the  laser 
of  Fig.  4. 
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factor  which  is  1.2  MHzA^  in  our  case  and  V  is 
the  voltage  applied  to  the  electrodes  placed  along 
the  X3  axis  of  the  crystal.  Thus,  this  permits  to 


Intensity  noise  reduction  loop 


Fig.  6:  Phase  locked  and  intensity  noise  reduction 
loops.  LD:  laser  diode;  Di,  D2:  photodiodes;  P: 
Gian  polarizer;  RF:  microwave  reference  oscillator. 


Relative  frequency  (Hz) 

Fig.  7:  (a)  Beat  note  spectrum  (span  200  kHz, 
resolution  bandwidth  1  kHz);  dashed  line,  no  RIN 
reduction  loop;  full  line,  closed  RIN  reduction  loop, 
(b)  Same  as  (a)  with  span  200  Hz,  resolution 
bandwidth  10  Hz  and  closed  RIN  reduction  loop. 


turn  the  laser  into  a  voltage  controlled  oscillator 
at  around  1  GHz  and,  as  such,  to  implement  it 
into  an  optical  phase  locked  loop  to  yield  the 
desired  highly  stable  beat  note  [6].  The  loop 
scheme  is  given  in  Fig.  6.  Part  of  the  laser  output 
is  sent  to  a  photodiode  Di  whose  signal  is  mixed 
to  a  reference  oscillator  at  1  GHz.  The  resulting 
error  signal  is  amplified  and  fed  back  to  the 
electrodes  of  the  LiTaOa  crystal.  We  then  obtain 
the  spectrum  depicted  in  Fig.  7(a).  To  remove 
the  spmious  relaxation  oscillation-induced 
sidebands  at  65  kHz,  we  close  a  second  feedback 
loop  (see  Fig.  6):  the  output  of  the  photodiode  Da 
is  fed  back  through  a  loop  filter  to  the  laser  diode 
driver  [7].  Thanks  to  this  loop,  a  reduction  by 
20  dB  of  the  relative  intensity  noise  (RIN)  is 
obtained  [see  Fig.  7(a)].  With  these  two 
stabilization  loops  closed,  we  now  zoom  on  the 
beat  note  spectrum.  Fig.  7(b)  reveals  that  the  - 
3  dB  width  of  this  signal  is  less  than  10  Hz, 
limited  here  by  the  spectrum  analyzer  resolution 
bandwidth.  We  also  measure  a  phase  noise  of  - 
lOOdBc/Hz  at  10  kHz  and  -120dBc/Hz  at 
100  kHz,  corresponding  to  local  oscillator 
requirements  for  phase-shift  keying  modulation 
schemes  at  a  few  Mb/s  rate. 

With  short-range  radio  applications  in  view, 
such  a  local  oscillator  should  oscillate  in  the  55- 
60  GHz  range.  To  this  aim,  the  cavity  length  has 
to  be  reduced  to  less  than  1  nun.  This  means  that 
introducing  an  etalon  becomes  impossible  due  to 
the  space  needed  for  a  sufficiently  long  active 
medifxm  and  the  electro-optic  crystal.  One  may 
hence  wonder  how  the  laser  can  still  be 
longitudinally  monomode,  as  its  gain  bandwidth 
is  several  THz  wide.  Surprisingly,  200  pm-long 
microchip  lasers  have  been  shown  to  oscillate 
with  a  single  firequency,  despite  a  relatively 
small  free-spectral  range  (500  GHz)  compared  to 
the  phosphate  glass  bandwidth  (more  than 
3  THz)  [8].  This  questions  the  role  of  nonlinear 
couplings  between  modes  in  such  lasers.  Hence, 
we  have  built  two  different  set-ups  to  measure  a 
Lamb-type  coupling  constant  C  in  Er:Yb:Glass 
microchip  lasers  and  proved  that  (i)  a  Lamb’s 
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approach  [9]  can  be  used  to  describe  the 
couplings  in  such  systems  in  spite  of  the  use  of 
solid-state  lasers  for  which  Lamb’s 
approximations  are  usually  not  valid,  (ii)  the 
coupling  constant  is  measured  to  be  C=0.80 
between  adjacent  longitudinal  modes,  and  (iii) 
C=0.95  between  linearly  polarized  eigenstates 
[10],  The  relatively  high  values  of  these 
constants  explain  that  monomode  oscillation  is 
easily  obtained  in  microchip  lasers.  It  also 
confirms  that  two-frequency  operation  is  feasible 
at  55-60  GHz,  when  gain  and  losses  are  kept 
equal  for  both  eigenpolarizations.  Practical 
realization  of  such  a  device  is  currently  under 
progress.  This  frequency  range  is  however  the 
highest  reachable,  since  shortening  further  the 
cavity  would  not  allow  enough  gain  length  any 
more.  As  a  consequence,  obtaining  higher  beat 
note  frequencies  relies  on  the  use  of  another  kind 
of  laser  cavity,  as  is  now  described. 

Ill  Tunable  dual  absolute  frequency 

LASER  AT  1.55 

Consider  the  two-axis  laser  cavity  depicted  in 
Fig.  8.  A  calcite  crystal  C2  is  inserted  inside  the 
cavity  closed  by  mirrors  Mi  and  M2,  and 
containing  the  Er:Yb:Glass  active  medium.  C2  is 
cut  at  45°  to  its  optical  axis,  and  thus  provides  a 
macroscopic  walk-off  (1  mm  in  this  case) 
between  jc  and  y  polarized  fields.  With  this 

Er:Yb:Glass 


Fig.  8:  Two-axis  1.55  iim  laser  scheme. 

element,  the  laser  eigenstates,  calculated  using 
ME  =  XE  with  spatially  generalized  Jones 
matrices  [11],  are  then  a  y-polarized  ordinary 
eigenstate  and  an  x-polarized  extraordinary 
eigenstate.  They  are  superimposed  in  one  part  of 
the  cavity  (at  the  output  coupler),  but  spatially 


separated  in  the  other  part  of  the  cavity  (where 
the  active  medium  is  located).  Owing  to  the 
spatial  separation  of  the  eigenstates,  one  can  then 
introduce  two  etalons,  allowing  (i)  monomode 
oscillation  to  occur  on  each  arm  of  the  laser,  and 
(ii)  independent  tuning  of  the  eigenfrequencies. 
Note  that  the  coupling  constant  between  the  two 
eigenstates  is  null  in  this  case.  A  symmetric 
crystal  Ci  is  used  to  separate  the  pump  light  into 
two  parts  (see  Fig.  8).  In  addition,  an  aperture  A 
is  introduced  to  ensure  TEMqo  operation  on  both 
arms.  When  the  laser  output  is  sent  to  an  optical 
spectrum  analyzer,  this  ability  to  tune  one 
frequency  over  the  whole  gain  spectrum  without 
changing  the  other  frequency  is  monitored  [12]. 
Fig.  9  shows  the  spectra  obtained  when  the 
etalon  in  the  extraordinary  arm  is  rotated,  while 
the  etalon  in  the  ordinary  arm  remains  fixed.  The 
maximum  eigenfrequency  we  have  obtained  with 
this  laser  is  A  2.7  THz.  Note  that  continuous 
tuning  may  be  obtained  at  the  expense  of  an 
electro-optic  crystal,  like  in  the  previous  scheme. 
One  may  hence  wonder  whether  such  a  source 
would  serve  as  a  probe  for  highly-dense 


- 2.2  THz - - 

Fig.  9:  Output  spectrum  of  the  two-axis  laser.  The 
ordinary  wavelength  is  fixed  at  1542.6  nm,  while 
the  extraordinary  wavelength  is  increased  with  a 
0.8  mm  step.  Here,  the  output  power  is  7  mW. 
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Frequency  (kHz) 


wavelength  division  multiplexed  (HDWDM) 
networks.  In  particular,  by  using  standard 


^ - - 

I  Two-frequency  laser! 


Fig.  10:  Stabilization  loop  on  saturated-absorption 
peaks  of  the  lines.  PZTs:  piezo-electric 

transducers;  GP:  Gian  prism;  EOM:  electro-optic 
phase  modulator;  FR:  Faraday  rotator. 


50  100 


Time  (s) 

Fig.  1 1 :  Evolution  of  the  error  signal  while  closing 
the  Doppler-free  loop.  Inset:  observed  saturation- 
dip  of  the  P(6)  line. 


Stabilization  schemes  for  one  of  the  laser 
frequencies,  we  aim  to  show  now  that  the  second 
(tunable)  frequency  itself  may  be  stabilized. 

One  of  the  laser  output  polarization  is  sent  to 
a  stabilization  loop,  as  shown  in  Fig.  10.  The 
extraordinary  beam  is  sent,  via  an  electro-optic 
modulator,  to  an  optical  cavity  containing  a 
*^C2H2  cell.  Carbon-thirteen  acetylene  has 
numerous  absorption  lines  around  1.5  pm  [13]. 
First,  the  laser  extraordinary  eigenfrequency  is 
maintained  resonant  with  the  Fabry-Perot  (and 
hence  with  the  '^C2H2  absolute  reference)  by 
means  of  standard  side-band  locking  technique 
[14].  The  error  signal  of  this  loop  is  used  to 
control  the  two-frequency  laser  cavity  length 
(see  Fig.  10).  Second,  using  a  simple 
modulation-demodulation  technique,  the  Fabry- 
Perot  cavity  is  locked  to  resonance  with  the 
saturated  absorption  peak,  corresponding  to  the 
chosen  line.  When  the  loop  is 


Time  (min) 


Fig.  12:  Evolution  of  the  beat  note  frequency.  The 
laser  is  locked  to  the  P(6)  line. 

closed,  one  then  obtains  the  error  signal  depicted 
in  Fig.  11,  showing  a  frequency  accuracy  of 
10  kHz  for  a  loop  response  time  of  10.  s.  The 
saturated  absorption  peak  observed  at  the  output 
of  the  passive  Fabry-Perot  cavity  confirms  that 
stabilization  to  an  absolute  reference  to  better 
than  10  kHz  is  obtained  for  the  extraordinary 
frequency.  Remarkably,  the  free-running  beat 
note  obtained  when  only  the  extraordinary 
eigenfrequency  is  locked  is  stable  to  better  than 
1  MHz  over  a  few  minutes,  as  shown  in  Fig.  12 
[15].  This  proves  that,  owing  to  the  dual¬ 
frequency  oscillation  in  a  single  cavity,  the 
correction  signal  intended  to  lock  one  frequency 
also  tracks  the  other  frequency  to  better  than 
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1  MHz.  Such  a  laser  hence  provides  a  dual  quasi¬ 
absolute  frequency  source  which  can  be  used 
with  one  frequency  locked  to  the  molecular 
reference,  and  the  other  tunable  continuously 
over  the  C-band  of  teleeommunications. 

IV  Conclusion 

We  have  built  one-  and  two-frequency  laser 
cavities  to  obtain  either  highly  stable  microwave 
signals  in  the  GHz  range  or  tunable  absolute- 
frequency  operation  with  frequency  differences 
up  to  the  THz  range.  The  introduction  of  an 
electro-optic  crystal  inside  a  dual-frequency 
solid-state  laser  permits  to  create  a  voltage- 
controlled  beat  note  generator.  Moreover,  the 
shortcomings  in  terms  of  bandwidth  in  the  one- 
axis  case  are  resolved  using  a  two-axis  laser 
scheme.  The  only  limitation  is  then  the  gain 
bandwidth  of  the  active  medium.  The  obtained 
beat  notes  are  continuously  timable,  of  high 
spectral  purity,  and  with  100%  modulation 
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depths.  Applications  of  such  sources  include 
radio-over-fiber  systems  (local  oscillator  at 
60  GHz  for  instance),  spectroscopy,  DWDM 
probe,  radar/lidar  systems.  In  addition,  it  has 
been  shown  elsewhere  that  a  pulsed  regime  is 
also  obtainable  when  a  passive  Q  switch  is 
properly  chosen  in  such  a  laser  [16].  Future 
developments  are  expeeted  in  the  generation  of 
highly  coherent  THz  waves,  the  realization  of 
pulsed  two-frequency  sources  emitting  at 
1.55  pm,  and  in  the  complete  understanding  of 
the  nonlinear  coupling  mechanisms  in  Er-doped 
glasses. 
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ABSTRACT 


Experimental  investigations  of  radiation  parameters  of  2D  arrays  of  waveguide  CO2  lasers  synchronized  by  in-cavity  spatial 
filter  method  are  carried  out.  Phase  locked  regime  in  a  system  of  two  ring  waveguide  CO2  lasers  with  a  common  cavity  and 
unidirectional  lazing  was  achieved  and  investigated. 

Keywords:  phase  locking,  waveguide  lasers,  2D  array,  ring  cavity,  locking  band 


1.  2D  ARRAYS  OF  LINEAR  WAVEGUIDE  CO2  LASERS 

2D  arrays  of  waveguide  CO2  lasers  are  the  base  for  construction  of  multi-beam  technological  lasers  for  material  treatment 
[1-3].  The  investigations  of  radiation  phase  locking  of  such  type  arrays  at  introducing  of  optical  coupling  between  single  la¬ 
sers  were  carried  out  in  Refs.  [4-10].  Specifically,  external  flat  mirror  leading  to  optical  coupling  between  adjacent  lasers 
was  applied  [4],  Talbot  effect  [5,6]  and  the  methods  of  focal  [7,8]  and  afocal  [9,10]  spatial  filters  providing  close  to  global 
optical  coupling  were  used.  The  objective  of  this  part  of  the  work  is  investigation  of  influence  of  the  array  and  of  the  filter 
parameters  on  phase  locking  efficiency  and  axial  brightness  of  array  radiation. 


1.1.  Schematic  of  the  setup 

The  experimental  setup  is  shown  in  Fig.l.  2D  laser  array  I  with  hexagonal  packing  of  the  discharge  tubes  with  the  length 
equal  to  1.5  m,  inner  diameter  a  =  5.5  mm  and  the  period  d=  8.5  mm  is  placed  into  common  flat-parallel  cavity  with  output 
mirror  2  and  equivalent  blank  mirror  formed  by  conjugated  telescope.  This  telescope  contains  the  focusing  lens  3  with  the 
focus  length  F  =  430  mm  and  the  concave  spherical  mirror  4.  Replacement  in-cavity  diaphragms  5  extract  the  fixed  number 
N  of  single  lasers  in  an  array  equal  to  7,  19  or  37.  External  diaphragm  6  extracts  if  necessary  the  required  number  N\<N  of 
the  laser  beams  at  the  array  exit.  The  power  of  radiation  is  being  measured  by  receiver  7  with  the  diaphragm  8  mounting  be¬ 
fore  it  for  determination  of  the  power  fraction  in  near-axial  regions  of  the  far-field  intensity  distributions.  The  receiver  9 
with  the  scanning  slit  10  serves  for  control  of  the  shape  of  the  spatial  intensity  distributions. 


4  II  3  5 


2  6 


12 


Fig.  1 .  Schematic  diagram  of  the  experimental  setup  on  2D  laser  arrays  phase  locking:  /  laser  ar¬ 
ray;  2  output  cavity  mirror;  3,12,13  focusing  lenses;  4  metallic  mirror;  5,6,8  aperture  dia¬ 
phragms;  7,9  radiation  receivers;  10  scanning  slit;  11  spatial  filter. 


For  laser  array  phase  locking  the  spatial  filter  1 1  installed  in  lens  3  focus  was  used.  The  spatial  filter  represents  a  set  of 
identical  holes  in  the  copper  plate  and  its  spatial  position  corresponds  to  selection  of  the  in-phase  array  super-mode.  For  this 
super-mode  the  size  do  of  the  far-field  intensity  maximums  at  the  base  level  for  the  plane  wave-front  and  the  distance  d\ 
between  maximums  axes  may  be  found,  respectively,  from  the  following  expressions:  do  =  2(poF  and  d\  =  cpiA  where  (po  = 
1.22A./D,  (pi  =  (2N3)X/d,  D  =  D(N)  is  the  diameter  of  the  array,  X=  10.6  pm  is  the  radiation  wavelength.  It  is  clear  that  for 
given  F  =  430  mm  the  distance  di  =  0.58  mm  is  the  same  for  any  array  used.  On  the  other  hand  the  size  do  depends  on  the 
number  N  of  single  lasers  in  an  array:  do  =  0.47  mm  for  N=7,do  =  0.27  mm  for  A  =  19  and  <^0  =  0. 1 9  mm  for  A  =  37.  Two 
replacement  filters  with  the  holes  conjugated  to  the  intensity  distributions  were  used  in  the  experiments.  The  size  of  the 
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holes  for  the  first  filter  is  r/oi  =  0.3  mm  and  for  the  second  filter  is  r/oz  =  0.4  mm.  It  is  seen  that  the  transparence  of  the  first 
filter  is  smaller  in  comparison  with  the  second  one  and  the  size  of  the  holes  for  both  filters  may  be  larger  or  smaller  than  4 
depending  on  the  number  of  single  lasers  in  an  array. 

1.2.  Radiation  parameters  of  the  arrays 

The  dependencies  of  phase  locking  efficiency  p  at  the  same  discharge  current  in  a  tubes  as  a  function  of  number  N  of  single 
lasers  in  Fig.2  are  shown.  Phase  locking  efficiency  is  defined  as  the  ratio  r|  =  PJP  where  P^  and  P  is  the  generation  power  of 
laser  array  with  installed  filter  and  without  of  filter  respectively.  We  shall  now  compare  phase  locking  efficiencies  as  a 
function  of  filter  parameters.  It  is  seen  that  for  fixed  W-values  phase  locking  efficiency  decreases  if  the  transparence  of  the 
filter  also  decreases.  This  effect  is  associated  with  the  increase  of  in-cavity  losses  for  filter  with  smaller  transparence  and 
corresponds  to  phase  locking  efficiency  alteration  in  the  case  of  \D  laser  arrays  [1 1,12].  It  is  necessary  to  point  out  that  the 
losses  mentioned  above  so  much  high  for  the  first  filter  dXN=l  that  lead  to  suppression  of  coherent  oscillation  of  the  array. 

Phase  locking  efficiency  for  both  filters  in  dependence  on  N  has  non-monotonic  character.  Its  increase  if  number  N  of  single 
lasers  increases  from  N=^l  to  N=\9  may  be  explained  by  decrease  of  in-cavity  losses  because  in  this  case  the  size  do  of  the 
pattern  maximums  in  the  filter  plane  also  decreases.  This  reason,  as  it  seems,  must  lead  to  further  phase  locking  efficiency 
increase  if  the  number  N  of  single  lasers  increases  up  to  ;V  =  37.  But  for  both  filters  the  experiment  shows  the  inverse  de¬ 
pendence.  It  appears,  this  effect  is  connected  with  the  dominance  of  destructive  influence  on  phase  locking  efficiency  of  the 
spread  in  initial  lazing  frequencies  [12]  if  increases  in  comparison  with  constructive  influence  due  to  decrease  of  the  gen¬ 
eration  threshold.  To  confirm  this  supposal  we  have  measured  the  values  of  normalized  parameter  a  depending  on  N  which 
are  presented  in  Fig.3.  This  parameter  is  defined  as  the  ratio  a  =  P^P^  (here  Po  is  the  radiation  power  contained  in  a  calcu¬ 
lated  angle  size  2(po  of  the  central  lobe  of  far-field  intensity  distribution  in  the  lens  12  focus)  and  proportional  to  axial 
brightness  of  array  radiation.  The  band  of  the  spread  in  initial  lazing  frequencies  fatally  increases  if  the  number  N  of  single 
lasers  also  increases.  Therefore  a-parameter  decrease  depending  on  N  for  given  filter  may  be  associated  with  this  phenome¬ 
non  and  explains  the  effect  of  decrease  of  phase  locking  efficiency  for  N  -  37.  We  shall  note  that  on  analogy  with  the  a- 
parameter,  the  monotonic  decrease  of  axial  brightness  of  array  radiation  depending  on  initial  detunings  in  lazing  frequencies 
was  received  in  calculations  [13,14]  for  ID-  and  2D  arrays  of  a  large  number  of  optically  coupled  lasers  with  different  type 
of  optical  coupling.  Such  type  decrease  may  be  associated  with  the  decrease  of  the  degree  of  coherence  in  an  array  radiation. 
We  shall  note  also  that  the  optical  coupling  between  lasers  becomes  more  forceful  if  the  filter  transparence  decreases.  It  ex¬ 
plains  the  growth  of  the  a-parameter  for  the  first  filter  in  comparison  with  the  second  one  for  the  37-Iasers  array. 


Fig.2.  Dependencies  of  n  on  A^for  t/,,,  =0.3  mm  (/)  and  Fig.3.  Dependencies  of  a  on  A^  for  =0.3  mm  (/)  and  for 
for  =  0.4  mm  (2).  =  0.4  mm  (2-4);  A^,  =  7  for  central  (3)  and  periphery  (4)  lasers. 


We  shall  now  compare  the  a-values  in  Fig.3  for  seven  central  and  seven  periphery  lasers  extracted  from  the  37-lasers  array 
with  the  help  of  diaphragm  6.  It  is  seen  that  the  degree  of  coherence  for  periphery  group  of  lasers  is  less  than  for  central 
group.  The  reason  of  this  dissimilarity  is  decrease  of  optical  coupling  strength  on  the  array  periphery  that  leads  to  decrease 
of  phase  locking  band  and  as  consequence  to  partial  coherence  in  radiation  of  the  array.  It  is  known  [13]  that  partial  coher¬ 
ence  in  the  arrays  with  large  number  of  phase  locked  lasers  may  emerge  due  to  formation  of  domain-like  structure  in  an  ar¬ 
rays  emission.  Experimental  determination  of  domain  number  and  their  boundaries  is  very  complex  task.  We  can  conclude 
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only  that  mentioned  above  dissimilarity  may  serve  as  the  qualitative  experimental  confirmation  of  the  possibility  of  exis¬ 
tence  of  domain-like  structure. 

2.  TWO  RING  UNIDIRECTIONAL  WAVEGUIDE  CO2  LASERS 

Phase  locked  regime  in  a  system  of  two  ring  TEA  CO2  lasers  with  individual  cavities  was  received  in  Ref  [15],  For  direct 
waves  it  occurred  under  condition  of  in-cavity  injection  of  the  power  part  of  a  reverse  wave  from  one  laser  to  another.  The 
visibility  parameter  of  the  radiation  intensity  distributions  in  the  experiments  [15]  was  varied  from  pulse  to  pulse  in  the 
range  0.3  -  0.9  and  its  average  value  was  0.6.  In  a  number  of  other  studies  [16-25]  involving  external  injection  of  radiation, 
individual  ring  lasers  [16-19],  linear  lasers  [20-22],  and  arrays  of  linear  lasers  [23-25]  were  synchronized  with  a  master  os¬ 
cillator.  In  this  part  of  the  work  we  have  investigated  phase  locked  lazing  of  two  unidirectional  ring  waveguide  CO2  lasers 
with  a  common  cavity  at  injection  of  part  of  the  power  from  one  laser  to  the  other. 

2.1.  Experimental  setup 

The  scheme  of  experimental  setup  is  shown  in  Fig.4.  Each  laser  with  a  ring  perimeter  equal  to  4  m  is  connected  to  a  com¬ 
mon  power  supply  end  each  contains  two  discharge  tubes,  1  (first  laser)  and  2  (second  laser).  The  length  of  the  tubes  is  HI  = 
1.5  m  and  its  inner  diameter  is  equal  to  5.5  mm.  The  distance  nf  between  the  axes  of  tubes  1  and  2  is  equal  to  8.5  mm.  The 
end-faces  of  the  tubes  are  closed  on  either  side  by  Brewster-windows;  their  orientation  selects  the  direction  of  polarization 
of  the  radiation  perpendicular  to  the  plane  of  Fig.4.  The  common  cavity  of  the  lasers  consists  of  rotary  mirrors  3-5  with  the 
reflection  coefficients  of  0.96,  0.98  and  0.85,  respectively,  and  an  output  mirror  6  in  the  form  of  a  plane-parallel  sylvite 
plate.  The  thickness  h  of  the  plate  is  selected  on  the  basis  of  the  condition  h  =  d{n^  -  sin^Y)'^Vsin2y,  where  y  =  7i/4  is  the  an¬ 
gle  of  incidence  of  the  radiation  and  n  is  the  refractive  index  of  sylvite.  Under  this  condition  an  effective  direct  exchange  of 
radiation  between  lasers  is  provided.  A  mirror  7  with  the  reflection  coefficient  close  to  unity  is  used  to  suppress  the  reverse 
waves  in  each  laser  [26]  and  leads  to  unidirectional  lazing  with  injection  of  part  of  the  output  power  of  the  direct  wave 
(travelling  clockwise)  of  the  first  laser  into  the  second  laser. 


Fig.4.  Schematic  diagram  of  a  system  of  two  ring  unidirectional  lasers:  1,2  discharge  tubes;  3-5 
rotary  mirrors;  6  output  mirror;  7  external  mirror. 


This  setup  may  be  considered  as  a  system  of  two  optically  coupled  lasers  with  one-sided  optical  coupling  [27]  or  as  a  master 
oscillator  (first  laser)  -  regenerative  amplifier  (second  laser)  system.  In  contrast  to  standard  amplifying  systems  of  this  type 
(see,  for  example.  Ref  [28]),  the  detuning  of  the  common  cavity  in  this  system  may  lead  to  an  unequal  frequency  change  and 
hence  to  different  changes  in  the  output  powers  of  the  lasers  in  self-oscillatory  regime  and  in  consequence  of  this  the  lock¬ 
ing  band  becomes  depended  on  the  frequency  detuning  in  the  regime  with  injection  frequency  locking.  This  dependence  at 
scanning  of  the  lazing  frequency  of  master  oscillator  within  limits  exceeding  the  free  spectral  range  of  the  amplifier  was 
demonstrated  in  Ref  [16]. 

The  output  radiation  power  P  of  the  lasers  and  the  visibility  parameter  V  of  the  far-field  intensity  distributions  as  well  as 
their  dependencies  on  the  angle  (3  of  rotation  of  the  mirror  6  around  an  axis  perpendicular  to  the  plane  of  Fig.4  were  meas¬ 
ured  in  the  experiments.  A  C02:N2:He  =  1:3:12  gas  mixture  at  a  pressure  of  20  Torr  was  used  as  the  active  medium.  The 
discharge  current  in  the  tubes  was  15  mA.  The  change  in  the  lengths  of  the  laser  cavities  owing  to  vibrations  of  the  unit  and 
during  rotation  of  the  mirror  6  was  not  monitored. 
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2.2.  Experimental  and  numerical  results 

For  a  fixed  value  of  p,  the  power  P  varied  with  the  time  in  the  range  10  -  20  W,  whereas  the  parameter  V  for  the  distribu¬ 
tions  with  a  central  maximum  assumed  values  in  the  range  0.2  -  0.9.  For  P  <  10  W,  the  distributions  with  a  central  maxi¬ 
mum  could  be  transformed  into  distributions  with  a  minimum  at  the  centre,  which  corresponded  to  negative  V  =  -(0.3  -  0.4). 
The  variations  of  P  and  V  were  of  the  same  type  also  as  the  function  of  P  =  ±2x10"^  rad.  It  is  necessary  to  point  out  that  the 
distributions  with  V  =  0  were  virtually  not  observed,  i.e.  in  the  given  system  with  the  mentioned  above  parameters  of  the 
pump,  of  the  active  medium  and  of  the  mirror  6  the  phase  locked  regime  was  attained  much  more  easy  than  the  non-phase- 
locked  regime. 

We  shall  now  calculate  the  locking  frequency  band,  the  total  output  power  and  the  parameter  V  within  the  limits  of  the 
locking  band  as  a  function  of  the  initial  detunings  of  the  laser  frequencies  taking  into  account  the  radiation  losses.  We  shall 
confine  our  analysis  by  consideration  of  amplification  of  plane  waves  taking  into  account  the  losses  in  the  mirrors  3-5  and 
the  losses  owing  to  phase  conjugation  for  the  main  waveguide  mode  [29].  These  losses  will  be  regarded  as  distributed  and 
identical  for  both  lasers. 

For  the  radiation  power  Pu  of  the  first  laser  in  the  self-oscillatory  regime  may  be  received  the  following  expression: 

(1  -P)'(l  -QPs(l  1] 

/’la  - - .  (1) 

[(PGo, 

where  Go,  =  expCgooP,/);  P,  =  [I  +  (5vi/0.55vo)^]'';  a,  =  a/gooPi;  a  is  the  loss  factor;  goo  is  the  small-signal  gain  at  the  line 
centre;  8v,  is  the  detuning  of  the  laser  frequency  from  the  line  centre;  5vo  is  the  FWHM  of  the  gain  line;  Pg  is  the  saturation 
power;  P  is  the  reflection  coefficient  of  each  surface  of  the  mirror  6,  ^  is  the  losses  in  absorption  in  the  mirror  5.  Calcula¬ 
tions  by  formula  (1)  for  the  experimental  conditions  (goo  »  1.2  m"',  a  »  0.16  m"',  Pj »  10  W,  P  =  0.08  and  ^  «  10'^)  and  Sv,  = 
0  gives  Pia  =  4.5  W,  which  with  a  precision  adequate  for  further  treatment  agrees  with  the  average  power  measurements  (3- 
4  W). 

The  locking  band  5vs  for  the  second  laser  is  found  from  the  solution  of  the  transcendental  equation 

5vs  =  (6vn,/7t)arcsin[0.5(l  -  P)(l  -  ^)(P|  (2) 

where  bv^,  is  the  free  spectral  range;  Pna  and  Pi^  are  the  powers  for  the  self-oscillations  of  the  first  and  second  lasers  ex¬ 
pressed  by  formula  (1)  with  the  appropriate  replacement  of  Go,,  P,  and  a,  by  Go,,  =  exp(gooP|iO,  Pii  =  {1  +  [(6v2  ± 

5vs)/0.55vo]'}‘',  a,,  =  a/gooPii  and  by  G02  =  exp(gooP20,  /.2  =  [1  +  (6v2/0,55vo)^]-’,  aj  =  a/gooP2;  5v2  is  the  detuning  of  the 
second  laser  frequency  from  the  line  centre.  The  total  locking  band  calculated  for  the  mentioned  above  experimental  condi¬ 
tions  and  5v2  >  0  is  confined  by  curves  I  and  2  in  Fig.5.  The  asymmetry  of  the  band  relative  to  the  Sv^  =  0  straight  line 
(shown  dashed  in  Fig.5)  is  associated  with  the  change  in  the  ratio  P|ia/P2a  in  equation  (2)  with  decrease  or  increase  in  the 
operating  frequency  of  the  first  laser  relative  to  the  frequency  of  the  second  laser.  On  increase  in  6v2,  the  band  asymmetry 
increases  while  its  maximum  value  approaches  to  the  maximum  possible  detuning  of  the  operating  frequency  of  the  lasers 
above  the  generation  threshold  25vn,ax  *  44.6  MHz  ~  0.65vn,.  The  possibility  of  locking  the  radiation  of  the  lasers  regardless 
of  the  appreciable  detuning  of  the  operating  frequencies,  occurring  either  spontaneously  as  a  consequence  of  vibrations  or 
during  the  adjustment  of  the  output  mirror  6,  can  be  explained  by  the  existence  of  a  broad  locking  band.  On  increase  in  P,  a 
narrowing  of  the  band  is  observed  and  the  radiation-locking  conditions  become  more  stringent. 

The  radiation  power  P2\  of  the  second  laser  in  the  injection-locked  regime  was  calculated  from  the  formula 

(1  -P)^(l  -^)^Ps(l  -ai)ai''[(/^<^oi' ’“')“'  -  1]{[(G2P)'"-Pf +  4P(G2P)‘^W(7r8v/5vJ} 

/’2,=  - - - - - - - 

[(PGo)' ’“')“'  -/?]{[!  -(G2P)''Y  +  4(G2P)''^sinV5v/5vJ} 

after  substituting  in  formula  (3)  the  product  GjR  found  from  the  expression 
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(4) 


(1  -cci)a,-'[(/?Go, -  I] 


(1  -  a22)a22-'[(i?Go22'  -  (G2^)“^'] 


[(RGo:  1  -  (G2R)'y  +  4(G27?)'''sin'(7t5v/5v„)}  G2R(RGo22  '  -  RiGjRf^^ 

where  G022  =  exp(gooi220;  -^22  =  { 1  +  [(5vi  ±  5v)/0.58vo]^}'';  a22  =  algooL22',  Sv  is  the  detuning  of  the  second-laser  frequency 
from  the  “centre”  (5vs  =  0)  of  the  locking  band;  G2  is  the  per-pass  gain  of  the  radiation  in  the  second  laser.  The  calculated 
dependence  of  P  =  +  Pr,  on  5v]  for  5v  =  0  is  given  in  Fig.6  (curve  /).  This  dependence  is  compared  with  dependence  of 

P  on  5vi  at  the  left-hand  (curve  2)  and  right-hand  (curve  i)  internal  boundaries  of  the  locking  band  of  the  second  laser.  It  is 
seen  from  Fig.6  that  under  the  conditions  of  uncontrolled  variation  of  the  lengths  of  the  cavities  the  measured  power  of  the 
locked  operation  of  the  lasers  (10  -  20  W)  is  closed  to  the  calculated  value. 


Fig. 5.  Dependencies  of  the  lockinf  band  6v^  on  5v2 
for  5V|  =  5vj  -  5v^  (/)  and  5V|  =  5v^  +  5v^  (2). 


Fig.6.  Dependencies  of  the  total  radiation  power  P  on  5V| 
for  5vj  =  6V|  (/),  Svj  =  Sv,  -  Sv^  (2)  and  Sv^  =  Sv,  +  5v^  (5). 


The  change  in  the  phase  difference  5(p  of  the  interfering  laser  beams  is  linked  to  the  angle  p  by  the  following  relationship; 
5(p  =  4n^d/X,  where  X  is  the  radiation  wavelength.  Since  within  the  limits  of  the  locking  band  the  difference  between  the  la¬ 
ser  frequencies  5v|2  =  5vi  -  5v2  depends  as  5vi2  =  2<iPs6vm/^  on  the  angle  Ps  corresponding  to  this  band,  the  visibility  pa¬ 
rameter  is  evidently  influenced  both  by  the  change  in  the  powers  Pia  and  Pzi  as  the  frequencies  are  varied  and  by  the  addi¬ 
tional  phase  shift.  The  calculated  dependencies  of  Fon  8v|  at  the  “centre”  of  the  locking  band  and  at  its  boundaries  are  pre¬ 
sented  in  Fig.7.  It  is  seen  that  distributions  with  an  intensity  minimum  at  the  centre  are  entirely  possible  for  a  total  lazing 
power  of  about  5  -  10  W  and  a  large  detuning  8v|. 


Fig.7.  Dependencies  of  the  visibility  parameter  V  on  Sv, 
for  =  6V|  (/),  SVj  =  5v,  -  5v^  (2)  and  6Vj  =  5v,  +  5v^  (J). 
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3.  SUMMARY 

Phase  locking  efficiency  close  to  30%  for  ID  arrays  of  waveguide  CO,  lasers  synchronized  by  in-cavity  spatial  filter 
method  was  achieved  without  of  the  additional  facilities  allowing  to  align  the  optical  lengths  of  the  cavities  of  individual 
lasers.  It  was  shown  experimentally  that  the  axial  brightness  of  radiation  for  different  groups  of  lasers  containing  the  same 
number  of  lasers  within  a  common  aperture  of  the  array  is  differed  from  each  other. 

In  a  system  of  two  ring  waveguide  CO2  lasers  with  unidirectional  lazing  under  condition  of  slight  exceeding  of  the  genera¬ 
tion  threshold  it  was  shown  the  possibility  of  receiving  of  single-  and  double-lobe  angular  intensity  distributions.  Experi¬ 
mental  results  agreed  qualitatively  with  calculations  for  the  amplification  of  plane  waves. 
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ABSTRACT 

We  have  studied,  both  theoretically  and  experimentally,  the  doubling  of  topological  charge  of  dislocations  of  Bessel  light 
beams,  transfer  of  a  dislocation  to  a  second  harmonic  radiation  without  change  of  its  topological  charge,  and  annihilation  of 
screw  dislocations  of  the  opposite  sign. 


1.  INTRODUCTION 

An  optical  wavefront  dislocation  is  a  singularity  in  the  transverse  phase  of  an  optical  field  [1].  Screw  dislocations,  or 
vortices,  is  a  point  defect  in  which  the  phase  of  the  field  is  undefined,  and  amplitude  vanishes.  Vortices  possess  a 
topological  charge  m,  where  m  is  the  number  of  2;r  phase  shifts  in  one  cycle  around  the  singularity.  Screw  dislocations  have 
attracted  considerable  attention  in  linear  and  nonlinear  optics,  and  in  laser  physics  [2-8]. 

Bessel  light  beams  are  the  new  example  of  optical  beams  with  screw  wavefront  dislocations.  These  nondiverging  optical 
beams  are  of  interest  for  alignment  and  guiding  of  atoms.  For  this  purpose,  both  zero-order  and  higher-order  BLBs  can  be 
used  [9-1 1].  Besides,  higher-order  Bessel  and  Laguerre-Gaussian  beams  are  of  interest  for  studying  the  processes  of  creation 
and  annihilation  of  wavefront  dislocations  [3,6,7]. 

A  most  important  question  concerning  nonlinear  properties  of  higher  order  BLB  is  the  efficiency  of  frequency 
conversion.  It  is  important  particularly  for  applications  of  processes  of  creation  and  annihilation  of  dislocations  in  optical 
information  processing.  In  this  report  the  primary  attention  is  focused  to  this  problem.  We  submit  a  theoretical  and 
experimental  results  on  doubling  of  topological  charge  of  dislocations,  transfer  of  a  dislocation  to  a  second  harmonic 
radiation  without  change  of  its  topological  charge  and  annihilation  of  screw  dislocations  of  the  opposite  sign. 

The  main  properties  of  SHG  by  Bessel  beams  can  be  interpreted  in  most  cases  by  assuming  the  second  harmonic 
radiation  to  be  a  single-mode  Bessel  beam.  More  exact  form  of  second  harmonic  field  is  a  superposition  of  Bessel  beams 
with  closely  spaced  conicity  parameters.  This  approximation  is  justified  also  by  experiment.  The  mentioned  above 
superposition  can  be  either  continuous  or  discrete.  In  the  latter  case  we  can  choose  the  second  harmonic  field  as  a 
superposition  of  modes  of  cylindrical  domain  with  radius  equal  to  the  radius  of  the  fundamental  Bessel  beam.  The  total 
number  of  modes,  which  are  to  be  taken  into  account,  is  usually  not  very  large.  It  is  also  important  that  the  discrete 
representation  of  second  harmonics  field  allows  to  develop  the  analytically  solvable  model  of  three-wave  interaction. 

Thus,  the  electric  field  amplitude  of  Bessel  beams  of  fundamental  and  second  harmonic  frequencies  propagating  along 
the  z  axis  of  a  system  of  cylindrical  coordinates  (p,  (p,  z)  is  given  by 

(P>  =  Mo i^)jm (<7i P)  exp(/Ao- z  -i(ot  +  irntp) , 

E\e(.P,z)  =  ^le(^)y«(<7lP)exp(/A:e-Z -/«/  +  /«(?),  (1) 

^)  =  S  Mpi^)Jm+ni‘l2pP)  exp[/A:2-z  -  2ia  t  +  Hjn  +  n)(p] , 

P 

where  qi  a  k^y  ,  k^g-  g,  ~  k^g  g  -  /ik^g  g  .  In  Eqs.  (1)  we  introduced  a  normalized  Bessel  functions  jm{<i\P)  '■ 
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if  p<Rb, 


(2) 


K{q,RB) 


Jm(qp)  =  ^ 


if  p>Rb, 


where  J„(x)  is  w-th  order  Bessel  function,  Rb  is  the  radius  of  fundamental  Bessel  beam,  W„(q,  Rb)  =  2n  J^{qp)pdp  . 

n\^  2 

Therefore,  the  normalization  condition  is  2k  Jq  (qip)pdp  =  1 . 


The  spatial  structure  of  second  harmonic  field  is  determined  by  an  overlap  integral 

g{q2)  =  2k  \j„(qip)j„iqiP)jm+„iq2P)pdp  •  (3) 

0 

This  integral  describes  a  general  case  of  three  beam  interaction  if  two  fundamental  Bessel  beams  have  different  orders. 
As  follows  from  the  law  of  conservation  of  angular  momentum  of  optical  field,  the  generated  second  harmonic  Bessel  beam 
can  only  be  of  m+n  order.  If  both  numbers  m  and  n  have  the  same  sign,  a  process  of  summation  of  topological  charges  takes 
place.  Otherwise  the  subtraction  of  topological  charges  is  realized. 

Further  we  investigate  these  overlap  integrals  as  a  function  of  conicity  parameter  qj.  According  to  the  second  harmonic 
field  representation  used  above,  the  parameter  q2  can  be  either  continuous  or  discrete. 

We  investigate  the  processes  of  summation  and  subtraction  of  dislocations  separately. 


2.  SECOND  HARMONIC  GENERATION  WITH  TWO  BESSEL  BEAMS  WITH  EQUAL 

SIGN  OF  TOPOLOGICAL  CHARGE 

The  typical  property  of  an  overlap  function  (3)  is  the  well-defined  maximum  for  qi »  2q\.  This  maximum  corresponds  to 
collinear  interactions  of  plane  wave  components  of  beams. 


q2/qi  q2/qi 


1 


Figure  1.  Overlap  integrals  versus  conicity 
parameter  of  second  harmonic  Bessel  beam  for 
near-  collinear  interaction  and  various  orders  of 
interacting  beams. 
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The  dependence  g(q2)  in  the  vicinity  of  the  given  maximum  for  processes  0+1  1  and  1+1  ->  2  is  shown  in  Fig.  1.  For 

numerical  estimations  we  supposed  that  conicity  angle  is  y  =  1  deg.  and  Bessel  beam  radius  is  Rb  =  1.5  mm. 

As  it  follows  from  Fig.  1,  the  profile  of  function  gCqrj)  for  three  different  processes  is  practically  the  same.  The  peak 
values  of  these  overlap  integrals  are  also  close.  Similar  is  the  behavior  of  overlap  integrals  for  the  other  investigated 
processes,  in  particular  1+2  ->  3,  3+3  ->  6  etc. 

Thus  nonlinear  interaction  of  higher  order  Bessel  beams  does  not  decrease  the  maximum  value  of  the  overlap  integral  in 
comparison  with  the  basic  process  0+0  0.  Hence  the  collinear  interactions  will  be  carried  out  with  no  decrease  in 

efficiency. 


Figure  2.  Overlap  integrals  versus  conicity 
parameter  of  second  harmonic  Bessel  beam  for 
near  7i-vectorial  interaction  and  various  orders  of 
interacting  beams. 


Figure  3.  Fundamental  modes  of  second  harmonic  generated  as  a  result  of  ;r-vectorial  interaction. 
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In  the  process  under  consideration,  a  summation  of  dislocations  of  axial  second  harmonics  beam  is  possible  as  well.  A 
typical  structure  of  the  corresponding  overlap  integrals  is  shown  in  Fig.2.  It  is  important  that  the  overlap  integral  decreases 
when  Bessel  function  order  increases.  Let  us  also  note  that  the  peak  value  of  an  overlap  integral  is  always  realized  for  a 
second  harmonic  beam,  which  is  a  fundamental  mode  of  a  cylindrical  domain  with  radius  Rb.  For  illustration  of  this  rule 
Fig.3  shows  the  intensity  distribution  of  fields  generated  in  conditions  of  the  peak  value  of  an  overlap  integral. 

The  novelty  of  the  general  case  of  second  harmonic  generation  accompanied  by  summation  of  dislocations  is  that,  unlike 
the  basic  process,  there  exists  a  possibility  of  vanishing  of  the  axial  second  harmonic  beam.  It  takes  place  when  orders  of 
interacting  Bessel  are  not  equal  each  other. 

For  production  of  higher  order  Bessel  beams  we  use  the  optical  scheme  shown  in  Fig.4.  Utilized  here  is  the  effect  of 
transformation  of  the  order  of  the  Bessel  beam  in  biaxial  crystals  [12]. 


Figure  4.  Experimental  set-up:  1  -  16X  telescope;  2  -  X/4  plate,  3  -  diaphragm,  4  -  axicon;  5  -  KTP  crystal; 
6  -  polarization  analyzer;  7  -  viewing  and  recording  system. 


KTP 
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Figure  5.  Basic  optical  element  for 
transformation  of  Bessel  beam  order 


The  transformation  of  the  order  of  a  Bessel  function  is  not  limited  to  the  process  Jo(x)  y,(x)exp(/9))  and  may  be 
continued  until  second  and  higher-order  Bessel  beams  are  obtained  (Fig.  6).  In  this  scheme  one  can  obtain  y,(x)exp(/<p)  field 
as  well  as  J2(x)exp(2i(p)  field. 


Figure  6.  Principal  scheme  for  production  of  Bessel  beams  of  first  and  second  orders. 
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For  second  harmonic  generation  we  used  a  KTP  crystal  with  a  large  width  of  angular  synchronism.  It  allowed  us  to 
observe  simultaneously  the  transformation  of  dislocations  in  both  axial  and  ring  beams  of  second  harmonics. 

Fig.  7a  shows  a  typical  second  harmonic  field  for  l+l->2  interaction.  Both  the  annular  field  and  axial  beam  have  a 
second-order  dislocation,  which  is  confirmed  by  decay  of  second-order  dislocation  in  axial  field  into  two  first-order 
dislocations. 

The  annular  second  harmonic  field  obtained  in  the  0+1 ->1  process  is  shown  in  Fig.  7b. 


Figure  7.  Far  field  of  second  harmonic  for  processes  (a)  1+1-+2  and  (b)  0+l->l. 


3.  SECOND  HARMONIC  GENERATION  BY  TWO  BESSEL  BEAMS  WITH  OPPOSITE  SIGNS 

OF  TOPOLOGICAL  CHARGE 

In  order  to  obtain  Bessel  light  beams  with  opposite  dislocation  signs  we  used  a  modification  of  the  above  scheme 
(Fig.  8).  The  input  beam  in  this  case  was  linearly  polarized.  The  output  field  was  a  superposition  of  two  first-order  Bessel 
beams  yi(x)exp(/(p)+  z  J-i(x)exp{-i(p),  where  r<  1  (Fig.  9). 


Figure  8.  Principal  scheme  for  production  of  superposition  of  Bessel  beams  of +1  and  -1  orders. 
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Figure  9.  Intensity  distribution  of  superposition  of 
Bessel  beams  of +1  and  -1  orders. 


Figure  10.  Zero-order  Bessel  beam  of  second 
harmonic  generated  in  process  1-1^0. 


Experimentally  registered  zero-order  Bessel  beam  of  second  harmonic  generated  in  process  1  - 1  ->  0  is  shown  in 
Fig.  10. 


92/91 


92/9] 


Figure  11.  Overlap  integrals  versus  conicity 
parameter  of  second  harmonic  Bessel  beam  for 
near  collinear  interaction  of  two  Bessel  beams 
with  opposite  signs  of  dislocation  order. 


The  examination  of  overlap  integral  shows  that  in  this  case  a  collinear  interactions  are  also  effectively  realized.  This 
conclusion  is  correct  for  both  cases,  namely,  for  two  Bessel  beams  of  fundamental  frequency  having  equal  and  different 
orders  (see.  Fig.  1 1). 

A  generation  of  an  axial  field  is  also  possible  for  interaction  under  consideration.  Several  examples  of  overlap  integrals 
for  this  case  are  shown  in  Fig.  12.  One  can  see  that,  in  contrast  to  the  previous  case,  the  peak  value  of  overlap  integral 
remains  almost  unchanged  when  the  order  of  Bessel  function  increases. 
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Figure  12.  Overlap  integrals  versus  conicity 
parameter  of  second  harmonic  Bessel  beam  for  near 
n-vectorial  interaction  of  two  Bessel  beams  with 
opposite  signs  of  dislocation  order 


Besides,  an  inversion  of  sign  of  the  overlap  integral  takes  place  for  Bessel  beams  of  odd  orders.  Finally,  the  axial  field  of 
second  harmonic  is  absent  for  interaction  of  Bessel  beams  of  not  coinciding  orders. 

CONCLUSION 

Thus,  we  have  shown  both  theoretically  and  experimentally  that  Bessel  beams  of  higher  orders  can  efficiently  interact  in 
the  processes  of  second  harmonic  generation,  accompanied  by  summation  and  substraction  of  wave  front  dislocations. 
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ABSTRACT 

We  present  a  new  scheme  of  optical  resonator  for  production  of  Bessel  and  Bessel-Gauss  beams.  This  resonator,  employing 
only  spherical  mirrors  and  axicons,  does  not  contain  any  complicated  optical  elements.  Analytical  expressions  relating 
parameters  of  resonator  and  characteristics  of  its  modes  are  obtained  and  analyzed.  Diffraction  energy  losses  are  calculated 
with  Fox-Li  algorithm,  and  modal  discrimination  is  studied. 

1.  INTRODUCTION 

Bessel  light  beams  are  being  investigated  intensively  since  their  introduction  by  Dumin  at.  al.  [1-2].  Initial  interest  to  these 
beams  was  arisen  by  their  useful  property  of  suppressed  diffraction  divergence  and  ability  to  reconstruct  their  intensity 
profile  during  propagation  in  uniform  media  if  their  initial  profile  was  partially  distorted.  Now  investigations  are  in  progress 
on  usage  of  Bessel  beams  in  processes  of  second  [3-5]  and  third  [6-8]  harmonic  generation,  parametric  frequency 
conversion  [9-1 1],  etc.  Bessel  light  beams  of  higher  orders  [12-13]  are  promising  for  atom  trapping  because  they  have  zero 
axial  intensity,  large  gradients  of  intensity,  and  small  central  spot  size. 

Infinite  Bessel  light  beams,  which  are  exactly  propagation-invariant,  cannot  be  realized  in  practice  because  they  possess 
infinite  energy.  Bessel-Gauss  light  beams  [14],  being  the  generalization  of  Bessel  beams,  have  finite  of  energy  and  are 
approximately  diffractionless  over  certain  propagation  distance. 

An  important  feature  of  Bessel  light  beams  is  that  they  can  be  easily  obtained  by  illuminating  an  axicon  with  a 
conventional  Gaussian  beam  .  The  field  in  an  extended  region  behind  an  axicon  is  approximately  a  zero-order  Bessel  light 
beam.  Illuminating  the  axicon  with  Laguerre-Gaussian  beams  we  can  obtain  higher-order  Bessel  beams  [15].  This  axicon- 
based  method  is  now  probably  most  widely  used  method  of  Bessel  beams  production.  Among  other  methods  of  Bessel  beam 
production  are  holographic  method  [16],  and  a  method  where  a  lens  Fourier-Jransforms  a  ring  field  into  a  Bessel  light  beam. 

Passive  schemes  of  Bessel  beam  production  have  some  disadvantages.  First  of  all,  the  beams  produced  by  these  schemes 
are  not  exactly  the  Bessel  light  beams.  While  their  quality  may  be  sufficient  for  some  applications,  active  methods  of  Bessel 
beam  generation  allow  to  produce  Bessel  beams  with  higher  quality.  Furthermore,  the  volume  of  Bessel  modes  is  higher 
than  the  volume  of  Gaussian  modes,  which  allows  to  increase  the  energy  of  generation.  Also  important  is  a  development  of 
inracavity  schemes  of  nonlinear  frequency  conversion  of  Bessel  beams. 

Several  optical  resonators  with  Bessel  modes  have  been  proposed  by  now.  Uehara  and  Kikuchi  [17]  suggested  and 
studied  experimentally  a  resonator  scheme  based  on  a  transformation  of  a  ring  field  into  a  Bessel  light  beam  with  an 
intracavity  Fourier-transforming  lens.  One  of  the  resonator’s  mirrors  was  plane,  and  the  other  was  also  plane  but  with 
annular  aperture.  In  theoretical  work  [  1 8]  Jabzynski  proposed  to  generate  Bessel  light  beams  in  a  confocal  resonator  with  an 
annular-aperture  cylindrical  active  medium.  Pertti  Paakkonen  and  Jari  Turunen  [19]  suggested  and  studied  resonators  with 
aspheric  mirrors,  which  conjugate  the  phase  of  the  incident  field  of  Bessel-Gauss  modes.  Using  resonator  with  such  mirrors, 
it  is  possible  to  obtain  Bessel-Gauss  light  beams  of  zero  and  higher  order,  and  it  is  also  possible  to  attain  high  discrimination 
of  transverse  modes  to  ensure  single-mode  operation  of  the  resonator. 

This  article  introduces  a  new  scheme  of  optical  resonator  for  Bessel  and  Bessel-Gauss  light  beams  production.  Our 
method  does  not  require  any  intracavity  optics  or  special  shape  of  active  medium.  Although  it  is  based  on  the  same  idea  of 
phase-conjugating  mirrors  which  was  used  in  [19],  it  employs  only  conventional  spherical  (or  plane)  mirrors  and  axicons, 
and  does  not  use  any  complex-shape  mirrors. 

In  the  first  section  we  briefly  describe  Bessel  and  Bessel-Gauss  light  beams.  Then  we  apply  the  phase-conjugating- 
mirrors  concept  to  construct  a  scheme  of  a  resonator  with  Bessel  and  Bessel-Gauss  modes  in  section  2.  Then  we  obtain 
analytical  relationships  between  parameters  of  resonator  and  parameters  of  its  modes  and  analyze  them  in  section  3.  Fourth 
section  discusses  diffraction  losses  and  modal  discrimination  of  finite-mirror  resonators. 
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1.  BESSEL  AND  BESSEL-GAUSS  LIGHT  BEAMS 

Let  us  briefly  describe  Bessel  and  Bessel-Gauss  light  beams  in  order  to  establish  notation  and  to  provide  a  reference  point 
for  necessary  formulas. 

Bessel  light  beams  are  the  beams  with  components  of  electric  or  magnetic  field  vectors  described  by  Bessel  functions.  In 
general  case,  different  field  components  are  described  by  Bessel  functions  of  different  orders,  and  also  by  their  linear 
combinations.  Most  simple  is  a  Bessel  light  beam  with  a  transverse  field  component 

(p,  0,  z)  =  cJ„  (k  Y  p)  exp(/(A:.  z  +  nKp)),  ( 1 ) 

where  p  ,0 ,  and  z  are  the  radial,  azimuthal,  and  axial  coordinates,  is  an  w-order  Bessel  function,  A  =  2;r/A ,  y  is  the 
conicity  angle  of  Bessel  beam,  =k  cos  /  ,  and  c  is  a  constant. 


The  field  at  the  waist  of  the  m-order  Bessel-Gauss  beam  is 

Umip,(t>)  =  cJ„ikyp)Q\p(  -  p^lwl)e\piim<l>),  (2) 

where  wq  is  radius  at  the  waist  of  corresponding  Gaussian  beam 

U  ~  e\p{- p^  I  wq)  .  (3) 

When  wq  00 ,  Eq.  (2)  describes  a  usual  Bessel  beam.  Field  of  Bessel-Gauss  light  beam  at  a  distance  z  from  the  waist  in 
paraxial  approximation  is 


A„ip,<l>,z)  = 

w(z) 


''  kyp  ^  ^ 

'  ^  •  expl 


\  ■\-  iz  i  z  J 


ik 


2/?^  (2) 


■(p^+rV) 


Jm(^ 


(4) 


where  w(z)  =  wq-Ji  +  (z/z/?  describes  the  longitudinal  evolution  of  the  radius  of  Gaussian  beam  (3)  (z=0  at  its  waist), 
Rg{z)  =  z  +  z\lz  is  the  wavefront  curvature  of  Gaussian  beam  (3),  z^  =  kw^fl  is  its  Rayleigh  range.  The  function 

0(z)  =  A(1  -  /^  /  2)z  -  arctg  (z/z/j)  describes  the  axial  phase  of  Bessel-Gauss  beam. 

While  Bessel-Gauss  light  beams  approximately  maintain  its  intensity  profiles  when  propagating  over  rather  extended 
region,  its  intensity  distributions  at  larger  distances  from  the  waist  (z»zr)  are  ring-shaped.  This  fact  is  illustrated  in  Fig.  la 
and  lb,  which  show  sample  radial  distributions  of  amplitude  at  two  distances  from  the  waist.  Plotted  in  Figs.  Ic  and  Id  are 
radial  phase  distributions  for  these  two  cases.  It  can  be  seen  that  radial  phase  has  some  oscillations  while  almost  linearly 
increasing  with  p  for  small  z  (Fig.  Ic).  These  oscillations  are  very  small  in  the  area  of  energy  localization  of  the  beam  for 
large  z  (Fig.  2d,  2b). 


Figure  1.  Amplitude  and  phase  profiles  of  zero-order  Bessel-Gauss  light  beam  (/=1  deg,  Wo=0.18  mm,  A=0.633  pm). 
Plots  on  the  left  show  field  amplitude  module  versus  radial  coordinate  p  at  distances  (a)  z=4  mm,  and  (b)  z=40  mm. 
Plots  on  the  right  show  radial  phase  distributions  at  these  distances. 
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2.  RESONATOR  DESIGN 


A  concept  for  design  of  laser  resonators  with  arbitrary  modes  is  well  described  in  the  literature  (see,  for  example,  [20]).  This 
concept  is  based  on  the  fact  if  we  want  to  build  a  resonator  with  some  field  being  its  mode,  we  must  use  mirrors  that 
conjugate  the  radial  phase  of  this  field.  In  general  case  the  shape  of  these  mirrors  must  be  aspheric,  and  sometimes  very 
complex.  In  principle,  we  can  make  a  laser  resonator  for  generation  of  any  field  we  need,  if  we  can  only  manufacture 
mirrors  with  any  shape  we  want. 

We  now  apply  this  concept  to  design  the  resonator  with  Bessel-Gauss  modes.  Let  the  waist  of  zero-order  Bessel-Gauss 
beam  be  situated  at  the  plane  of  left  resonator  mirror  (z  =0).  Since  the  radial  phase  at  this  plane  can  only  be  equal  to  0  or  ;r 
(see  Eq.  (2)),  the  mirror  that  conjugates  such  phase  is  a  conventional  plane  mirror.  This  mirror  can  be  made  semitransparent 
to  be  used  for  an  output  of  Bessel-Gauss  beam  from  the  resonator. 

Let  us  place  the  second  mirror  at  distance  L  from  the  beam  waist.  The  reflectance  fimction  of  mirror  2  can  be  written  as 

T2(p)  =  exp(/(j!)2(p))- 

To  fulfill  the  condition  that  the  phase  of  Bessel-Gauss  beam  is  conjugated  by  this  mirror,  Tiip)  must  be  equal  to 
exp(-2-(phase  of  Bessel-Gauss  beam  at  z  =  L)).  Therefore,  using  Eq.  4  we  obtain  that  the  phase  fimction  q^ip)  of  mirror  2 
must  be  equal  to 


(P2(p)  =  20(z)  + 


ky^L^  ^  kp^ 
RAL)  ^  RAL) 


+  2ard  J 


kyp 
\  +  iL  /  z 


Neglecting  first  two  terms  of  this  formula  which  does  not  depend  on  radial  coordinate  p  we  obtain; 


<P2(P)  = 


rad 


+  2  ard  J 


I  +  ill  zn 


The  first  term  of  this  formula  describes  a  spherical  component  of  mirror  2  shape,  and  the  second  term  -  its  aspericity. 


In  their  article  [19]  Pertti  Paakkbnen  and  Jari  Turunen  obtained  formula  (6),  proposed  and  studied  a  resonator  scheme  on 
the  basis  of  such  aspheric  mirror.  In  order  to  design  a  resonator  without  complex  optical  elements,  we  suggest  to  use  the  fact 
that  the  second  term  of  (6)  is  approximately  linear  at  large  resonator  lengths,  as  it  can  be  inferred  from  Fig.  1(d).  Then 
mirror  2  can  be  realized  as  a  combination  of  usual  spherical  mirror,  corresponding  to  the  first  term  of  (6),  and  an  axicon, 
corresponding  to  the  second  term  of  (6).  This  combination  can  be  manufactured  as  a  single  optical  element. 

The  optical  scheme  of  this  resonator  is  shown  in  Fig.  2.  The  waist  of  Bessel-Gauss  beam  is  formed  in  the  plane  of  mir¬ 
ror  1,  which  has  an  aperture  radius  of  Rim^.  The  field  in  the  plane  of  mirror  2  and  axicon  3  is  annular,  with  the  maximum  of 
intensity  of  the  ring  situated  at  a  distance  yL  from  resonator  axis.  The  aperture  of  mirror  2  can  be  also  annular,  with  the 
radii  of  reflective  part  equal  to  ./?2min  ^nd  Rjmux-  Values  of  R2mm  Dmsa.  affect  the  diffraction  energy  losses  and  resonator 
mode  shape.  For  example,  they  can  be  selected  to  fulfill  the  equation  (/?2  min  ■^2  max  )/2  =  yL. 


The  radius  R  of  mirror  2  and  parameter  a  of  axicon  3  ( a  =  (n  - 1))3  ,  where  w  is  a  refractive  index  of  the  axicon,  and  p  is 
its  base  angle)  determine  the  parameters  y  and  Wq  of  Bessel-Gauss  modes.  In  the  following  section  we  will  obtain  formulas 
relating  parameter  of  resonator  and  parameters  of  its  Bessel-Gauss  modes. 


Figure  2.  Design  of  resonator  with  Bessel-Gauss  modes. 

1  -  semitransparent  plane  mirror  with  radius  of  aperture  Ri^,  2  -  spherical  mirror  with  radius  of  curvature  R  placed 
at  a  distance  L  from  the  plane  mirror,  its  annular  aperture  has  radii  /?2nim  and  /?2max,  3  -  axicon  with  parameter  a  . 
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In  order  to  prove  that  the  modes  of  proposed  resonator  are  indeed  close  to  Bessel-Gauss  beams,  we  used  Fox-Li 
algorithm  of  numerical  calculation  of  resonator  modes.  This  algorithm  allows  not  only  to  determine  the  mode  structure  but 
also  to  calculate  diffraction  energy  losses  of  these  modes.  Fig.  3  shows  an  example  of  radial  amplitude  distributions  (solid 
line)  for  three  different  radii  of  plane  mirror  1 .  It  is  clear  that  the  resonator  modes  are  indeed  very  close  to  Bessel-Gauss 
beams  (dotted  line),  especially  when  energy  losses  are  small. 


Figure  3.  Transverse  amplitude  distribution  of 
resonator  mode  (solid  line)  at  plane  mirror  1  and 
Bessel-Gauss  light  beam  (dotted  line)  for 

(a)  /?/„,ar=0.15mm  (diflfaction  energy  loss  55.7%), 

(b)  /?y„,ax=0.25mm  (diffraction  energy  loss  13.0%), 

(c)  /?/„ar=0.35mm  (diffraction  energy  loss  4.31%). 
(Resonator  parameters;  a  =  0.670  deg,  R  -  0.835m, 
Z,==0.2  m,  /?2„,„=3.1  mm,  R2„ax  =3.9mm; 

Bessel-Gauss  beam  parameters:  y  =  I  deg, 

yvu=  424  A,  A=643  nm.) 


3.  RELATIONSHIPS  BETWEEN  RESONATOR  AND  MODE  PARAMETERS 


Let  us  now  proceed  to  deriving  analytical  expressions  for  resonator  parameters  required  to  generate  a  Bessel-Gauss  light 
beam  with  given  parameters. 

It  can  be  shown  that  the  following  approximation  of  the  second  term  of  (6)  can  be  made  for  large  L\ 


Then  the  phase  function  of  mirror  2  is 


I  +  O-hl 

The  phase  function  of  spherical  mirror  with  radius  R  is  kp^  Jr,  and  that  of  an  axicon  is  ( Aa  p ).  Taking  into  account  that 

light  travels  two  times  through  the  axicon  in  this  scheme,  and  making  substituting  =  kwQ  fl ,  we  finally  arrive  at  the 
following  equations: 


R^L  + 


\  +  AL^I{kwlf 
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In  order  to  make  a  resonator  which  would  generate  Bessel-Gauss  beam  with  conicity  angle  7  and  width  Wq,  we  must  choose 
R  and  a  in  accordance  with  Eqs.  (7)-(8)- 

Let  us  now  analyze  these  formulas.  First  of  all,  consider  the  case  of  generation  of  Bessel  (not  Bessel-Gauss)  light  beam. 
It  is  easy  to  see  that  when  wq  — ^  00 ,  the  mirror  radius  R  — ^  00  (flat  mirror),  and  axicon  parameter  cc  ^  7  •  fhus,  to 
construct  a  resonator  with  Bessel  modes,  we  can  use  just  two  plane  mirrors  and  an  axicon  (or  one  plane  mirror  and  an 
axicon  with  reflecting  base). 

Then  we  would  like  to  underline  the  fact  that  parameter  a  of  the  axicon  and  conicity  angle  7  of  the  generated  beam  are 
not  equal,  while  they  are  equal  for  the  passive  scheme  of  Bessel  beam  production  with  an  axicon.  In  fact,  the  conicity  angle 
is  always  larger  than  a.  In  other  words,  having  an  axicon  with  parameter  a  we  cannot  obtain  Bessel-Gauss  beam  with  y<a 
with  this  resonator  scheme. 

The  equations  defining  parameters  of  mode  in  a  resonator  with  given  L,  a,  and  R  follow  from  Eqs.  (7)-(8): 


7  =  a 


R 

r-l‘ 


(10) 


In  order  to  illustrate  these  relationships  we  plotted  functions  Wo(i)  and  7(1)  in  Fig.  4a,  b.  It  can  be  inferred  from  Fig.  4b  that 
the  maximum  resonator  length  for  given  a  and  R  is  limited  by  the  requirement  of  applicability  of  paraxial  approximation. 
For  the  parameter  a  under  consideration,  the  approximate  inequality  L<0.8R  should  be  fulfilled.  Note  that  Bessel-Gauss 
mode  structure  is  not  formed  when  L>R. 


Figure  4.  (a)  Beam  width  wq  and  (b)  conicity  angle  7  versus  resonator  length  L. 
(Radius  of  mirror  curvature  ^  =  0.5  m  and  axicon  parameter  a  =  1  deg.) 


4.  DIFFRACTION  ENERGY  LOSSES  AND  MODAL  DISCRIMINATION 

Although  we  dealt  with  zero-order  Bessel-Gauss  beams  above,  higher-order  Bessel-Gauss  beams  are  also  the  transverse 
modes  of  the  resonator,  because  the  radial  phase  of  Bessel-Gauss  beams  of  different  orders  is  almost  the  same  for  large 
diffraction  lengths,  and  a  combination  of  mirror  and  axicon  conjugates  the  radial  phases  of  them  all.  It  means  that 
diffraction  energy  losses  of  resonator  modes  of  different  orders  do  not  differ  significantly.  Therefore,  there  possible  regimes 
when  laser  generates  several  transverse  modes  at  a  time.  Sometimes  it  is  not  a  problem,  but  there  are  cases  when  it  is 
desirable  to  have  a  resonator  operating  in  a  single-mode  regime.  In  this  section  we  propose  and  discuss  two  ways  of  solving 
the  problem  of  selection  of  transverse  resonator  modes. 

The  first  way  to  select  a  single  mode  among  other  Bessel-Gauss  modes  is  to  use  a  plane  mirror  with  properly  chosen 
radius  The  intensity  distribution  at  the  waist  of  these  Bessel-Gauss  modes  is  different,  which  accounts  for  their 

different  diffraction  energy  losses.  Variation  of  aperture  size  of  spherical  mirror  2  can  provide  only  very  insignificant 
difference  between  losses  of  different  modes  because  the  intensity  distribution  at  this  mirror  is  annular  regardless  of  the 
mode  index  m. 
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We  used  the  Fox-Li  algorithm  for  calculation  of  diffraction  energy  losses  of  Bessel-Gauss  modes  of  different  orders.  The 
initial  field  was  chosen  in  the  form 

=  u„{p,z)exp{im(j)) .  (11) 

This  allowed  us  to  perform  Fox-Li  iterations  using  the  one-dimensional  Fresnel  diffraction  integral  written  for  the  field  of 
type  (11); 

f  '  It  \  °°  f  '  k 

t/_(/7,^,  z)  = exp(/Az)exp  expQmtfi)  \u„(p',0)J„(kpp' /  z)exp  ^  p'^  p'^dp' .  (12) 

The  general  two-dimensional  Fresnel  integral  is  not  convenient  for  calculation  of  diffraction  energy  losses  of  individual 
modes  for  two  reasons.  First  of  all,  because  only  the  mode  with  minimal  loss  (or  superposition  of  modes)  would  establish  in 
the  resonator  during  our  calculations  with  two-dimensional  integral,  we  cannot  determine  the  losses  of  the  other  modes.  The 
second  reason  is  that  it  takes  a  lot  of  time  to  calculate  a  two-dimensional  integral.  Using  one-dimensional  integral  (12)  we 
eliminate  these  difficulties.  The  initial  field  u^ip',0)  of  Fox-Li  algorithm  was  chosen  random  in  our  calculations. 

Fig.  5  shows  diffraction  loss  per  one  trip  for  /w  =  0,  1,  2  as  a  function  of  plane  mirror  radius  for  the  resonator 
configuration  designed  to  produce  a  Bessel  beam  with  y=  1  deg  (a  =  1  deg,  R=  x  ,  L=6  cm,  =  0.4  mm,  R2max  =  1-6 
mm).  Some  values  of  diffraction  losses  are  also  shown  in  Table  1.  Fig.  6  shows  the  ratio  of  diffraction  loss  of  first  mode  to 
the  loss  of  the  zeroth  mode.  These  results  indicate  that  the  diffraction  losses  are  indeed  different  for  modes  of  different 
orders,  although  the  difference  is  rather  small.  This  difference  might  be  enough  to  ensure  single-mode  operation  of  the 
resonator,  especially  in  low-gain  laser  systems. 


Mirror  radius  /?in,ax  (mm)  (mm) 

Figure  5.  Diffraction  loss  per  trip  versus  plane  mirror  Figure  6.  The  ratio  of  diffraction  losses  of  Bessel-Gauss 

radius  for  Bessel-Gauss  modes  of  orders  0,  1,2.  modes  of  orders  1,  2  to  the  round-trip  loss  of  mode  0 

Resonator  is  designed  to  produce  a  Bessel  beam  with  (resonator  parameters  are  the  same). 

y=  1  deg  (a  =  1  deg,  /f  =  oo ,  L=6  cm,  =  0.4  mm, 

R2mwc=  1.6  mm). 


j  ^liTiaxs  Him 

Loss  for  m=0 

Loss  for  m=\ 

Loss  for  m=2 

/?imax,  mm 

Loss  for  m=0 

Loss  for  m=\ 

Loss  for  m~2 

0.25 

9.5152% 

9.8499  % 

9.5509  % 

0.2578 

9.4010% 

9.0921  % 

9.4329  % 

0.2513 

9.4851  % 

9.7456  % 

9.5274  % 

0.2591 

9.3296  % 

9.0256  % 

9.3558  % 

0.2526 

9.4779  % 

9.6184% 

9.5231  % 

0.2604 

9.2295  % 

8.9933  % 

9.2503  % 

0.2539 

9.4773  % 

9.4749  % 

9.5219% 

0.2617 

9.1017% 

8.9843  % 

9.1182% 

0.2552 

9.4698  % 

9.3282  % 

9.5114% 

0.2630 

8.9532  % 

8.9838  % 

8.9679  % 

1  0.2565 

9.4464  % 

9.1955% 

9.4835  % 

0.2643 

8.7979  % 

8.9773  % 

8.8142% 

Table  1.  Diffraction  loss  per  trip  versus  plane  mirror  radius  for  Bessel-Gauss  modes  of  orders  0,  1,2. 
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The  second  way  to  select  a  mode  which  is  generated  in  the  laser  resonator  is  to  use  the  plane  mirror  with  special 
configuration  of  reflective  surface. 

Let  us  consider  a  superposition  of  Bessel-Gauss  modes  with  m=-l  and  m=l.  This  field  is  proportional  to 

y](A:y2)cos(^  +  ^o)-  (*3) 

The  minimums  of  this  distribution  are  in  directions  n/2  and  <p=  StzII  when  phase  shift  ^=0.  Let  us  place  two 
nonreflecting  sectors  along  these  directions,  as  it  is  shown  in  Fig.  7.  The  losses  of  mode  Ji(A:7  z)cos(^)  would  be  lesser 

than  losses  of  other  modes,  which  would  cause  this  mode  to  be  the  only 
mode  of  this  now  single-mode-operating  resonator.  To  confirm  this  idea  we 
resorted  to  Fox-Li  algorithm  again,  this  time  with  two-dimensional  Fresnel 
diffraction  integral.  Fig.  8  shows  two-dimensional  intensity  distribution  of 
the  field  (13),  and  Fig.  9  -  of  the  calculated  mode  field  (regions 
(j)  e  {tv /2  -  K /lO,  7t /2  + K /\0)  and  ^  e  (37r/2 -;r/10,  3;r/2 -i-;r/10) 
were  nonreflecting).  Excellent  agreement  between  Figs.  8  and  9  indicated 
the  validity  of  this  method  of  modal  selection. 

In  the  general  case,  we  can  use  the  plane  mirror  with  2m  nonreflecting 
sectors  to  select  a  mode  (k  y  z)  cos(/w  0) . 


Figure  7.  Mirror  with  two  nonreflec¬ 
ting  sectors  (shown  gray). 


Figure  9.  Calculated  intensity  distribution  of  the 
mode  at  the  output  mirror  1 . 


5.  CONCLUSION 

The  resonator  composed  of  plane  and  spherical  mirrors  and  an  axicon  produces  beams  which  are  very  close  to  Bessel-Gauss 
beams.  Modes  of  the  resonator  with  two  plane  mirrors  and  an  axicon  are  Bessel  beams.  An  important  advantage  of  the 
proposed  resonator  with  Bessel-Gauss  modes  is  that  its  construction  does  not  require  any  complex  optical  elements. 

Properly  selecting  the  plane  mirror  radius  we  can  ensure  single-mode  operation  of  the  laser  resonator  in  low-gain  laser 
systems.  More  effective  method  of  attainment  of  high  modal  discrimination  is  to  use  the  plane  mirror  with  nonreflecting 
sector-shaped  regions. 
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ABSTRACT 

A  new  method  for  obtaining  high-order  Bessel  light  beams  has  been  developed  and  proved  theoretically  and  experimentally.  It 
is  based  on  the  phenomenon  of  transformation  of  circularly  polarized  li^t  beam  passing  through  biaxial  crystal  along  its 
binormal.  The  method  can  provide  conversion  of  input  Gaussian  beam  into  Bessel  beam  with  an  almost  100%  efficiency. 
Besides  this  method  can  be  used  to  convert  high-intensity  laser  beams. 

The  light  field  having  the  cross  distribution  in  the  form  of  spiral  is  obtained  fi'om  the  first  order  Bessel  light  beams.  A 
possibility  of  formation  of  the  zeroth  and  the  first  order  Bessel  li^t  beam  fi'om  Gaussian  light  beam  in  biaxial  crystal  without 
axicon  is  investigated  theoretically. 

Keywords:  Bessel  light  beams,  axicon,  wavefi-ont  dislocations,  biaxial  crystals. 

1.  INTRODUCTION 

Investigations  of  non-Gaussian  light  fields  having  the  cylindrical  symmetry  of  interference  structure  in  their  cross-section  are 
recently  a  great  interest.  The  most  known  of  such  fields  are  the  Laguerre-Gaussian  and  Bessel  light  beams  (LGLBs,  BLBs). 
These  beams  can  be  applied  to  making  microparticles  and  atoms  optical  traps  [1-3].  Besides  the  zero  and  higher  orders  Bessel 
beams  have  diffractionless  property  near  beam  symmetry  axis.  Therefore  BLBs  can  be  used  for  precision  marking  of  the  certain 
direction  in  space  [4].  Screw  wavefiront  dislocations  avail  in  this  case  because  ones  do  not  undergo  diffraction  blurring.  As 
applied  to  BLBs  having  specific  spatial  frequencies  spectrum  structure  can  be  used  in  a  nonlinear  optics  problems  and  permits  to 
realize  different  vector  interactions  in  a  nonlinear  medium  [5].  Both  the  higher  orders  BLBs  and  LGLBs  interact  with  a  new 
type  of  nonlinear  interactions  due  to  processes  of  formation  and  cancellation  of  dislocations  [6-8]. 

The  propagation  of  a  light  beam  in  a  binormal  direction  of  a  biaxial  crystal  is  accompanied  by  manifold  effects  of 
transformation  of  its  cross  structure.  An  output  field  can  be  formed  as  zero-  and  first-orders  BLB  and  also  as  differerit  ring 
beams  depending  on  a  degree  of  focusing  of  the  input  circularly  polarized  Gaussian  beam.  The  case  of  the  transformation  of 
Gaussian  beam  to  the  one-ring  field  approximately  coinciding  with  a  Loi  mode  of  a  Laguerre-Gauss  is  investigated.  It  is 
important,  that  all  output  beams  polarized  orthogonally  to  input  ones  have  a  screw  phase  front  dislocation. 


2.  NEW  METHOD  OF  BESSEL  LIGHT  BEAM  TRANSFORMATION 
2.1.  Theoretical  Model 

It  is  known  that  when  the  light  wave  propagates  in  the  vicinity  of  binormals,  the  effect  of  internal  conical  refraction  shows  up 
when  the  incident  field  forms,  inside  a  biaxial  crystal,  a  cone  of  directions  of  the  energy  flow.  On  the  basis  of  this  effect,  a 
theoretical  model  may  be  proposed,  in  which  there  is  a  relationship  between  the  fields  formed  at  internal  conical  refraction  and 
BLB  having  a  conical  structure  of  the  spectrum  of  spatial  frequencies.  The  presence  of  such  a  relationship  would  permit 
obtaining  higher-order  BLBs  by  passing  laser  radiation  through  a  homogeneous  crystal. 
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It  is  known  that  in  the  vicinity  of  binomial,  the  section  of  wave  vectors  surface  represents  two  coaxial  coni  (Fig.l).  The 
geometrical  parameters  of  the  coni  are  such  that  the  wave  vectors  kp  of  two  normal  modes  propogating  with  the  small  angle  to 
binormal  are  equal 

kp(?)  =  *;cei  +kyei  pyq-q^  I2k)e^  (1) 

where  q  =  +kj  ,  r  =  arctglc^ is  the  parameter  of  crystal  anisotropy,  k=a/v  ,  v  is  the 

phase  velocity  of  waves  in  the  direction  of  binormals,  £  j  2^3  are  the  principal  values  of  the  permittivity  tensor.  Indices  p  =  ±l 
enumerate  the  slow  and  the  fast  modes,  and  61,62,63  are  the  unit  vectors  of  the  Cartesian  coordinate  system  with  the  z-axis 
parallel  to  the  binormal  (Fig.  1). 


Figure  1.  Cross  section  of  the  wave  vector  surface  in 
the  vicinity  of  the  binormal  by  the  crystallographic 

plane  XZ.  a  is  anisotropy  parameter  and  indices  p  =  i 
1  enumerate  a  slow  and  a  fast  mode. 


The  polarization  of  normal  waves  in  the  vicinity  of  the  binormal  is  linear,  dependent  of  the  azimuth  angle 
q}  =  arctgikyjkx) .  As  the  azimuth  angle  is  changed  by  the  value  of  <p,  the  polarization  vectors  of  the  normal  waves  Cp  {p=±\) 

rotate  by  angle  q)l2.  These  polarization  vectors  can  be  given  in  the  form 

Ci(^)  =  sin(^/2)ei  +cos(^/2)e2  ,  c.i{^)  =  cos(?7/2)ei  -sin(97/2)e2  (2) 

or  in  an  alternative  form  in  terms  of  vectors  of  the  right-  and  left  circular  polarization  e+  =  (ci  ±162)/^ : 


Cl(<P)  = 


[e+  exp(z>/2)-e_  exp(-/^p/2)] ; 


c_i  {(p  )  =  exp(zV/2)+  e_  exp(-z>/2)] . 


(3) 


Normally,  the  effect  of  internal  conical  refi-action  is  considered  for  the  case  of  linear  polarization  of  the  incident  light.  It 
should  be  noted  that  due  to  the  azimuth  dependence  of  the  polarization  direction  of  normal  waves  inside  the  crystal  the 
transmitted  radiation  has,  accordingly,  the  azimuthally  inhomogeneous  intensity  distribution.  From  this  is  follows  that  to  solve 
the  problem  of  formation  of  azimuthally  homogeneous  beams,  it  is  necessary  to  use  circularly  polarized  input  radiation. 

Specifically,  we  shall  assume  that  the  incident  field  has,  for  example,  right-hand  circular  polarization  with  an  amplitude  on 
the  input  face  of  the  crystal  equal  to 
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ao(A?')  =  %®+y/n(A<2>), 

To  find  the  refi-acted  waves,  we  represent  the  incident  field  polarization  vector  in  the  form  of  a  linear  superposition  of  eigen 
vectors  (2)  as  follows: 

e+ 

P 

with  eigen  values  ai(<p)  =  zexp(-z>/2)/ V2  h  a_i(?z)  =  exp(-z>/2)/ y/l . 

Then  the  Fourier-spectrum  of  the  field  (3)  on  the  output  crystal  face  can  be  given  in  the  form 

Ao(q,<p)  =  Fi„iq,(p)a  p{^)c^{<p)  ,  (6) 

P 

where 

Fin  (^>«’)  =  \\fin  {p,(p)sxp[iqpcos((p-<p{)\pdpd(px  (7) 

is  the  Fourier-spectrum  of  the  fimction  fi„ip,(p)  ■ 

In  a  particular  case  of  the  azimuth-independent  input  field, 

Fi„  iq)  =  iTt  {p)Joiqp)pdp ,  (8) 

where  Jo(9P)  is  the  zero-order  Bessel  function. 

When  passing  over  the  interface,  each  Fourier  component  (5)  experiences  reflection  depending  in  the  general  case  on  the 
quantity  q.  This  dependence  can  be  neglected  for  paraxial  beams.  For  such  a  beams  the  Fourier  component  of  the  field  inside  the 
czystal,  near  its  boundary,  will  be  described  by  expression  (4).  Consequently,  the  field  in  the  crystal  will  be  of  the  form 

A{p,(p,z)  =  -^Yj  \\F{q,9hZ)ap{(Pi)Hi.n)^^V[i(lP<^os{(p-(pi)-ipyqz]qdqd(p^ ,  (9) 

(2^)  p 

where  F{q,<p\,z)  =  Ff„iq,<p\)exTp{r  iq^ z jlk) . 

Let  the  input  field  be  azimuthally  symmetric.  Then,  substituting  into  (6)  the  polarization  vectors  from  (2),  integrating  with 
respect  to  <p\  and  summing  over  p,  we  obtain 

A(p,q),z)  =  \F{q,z)[JQ(,qp)it+cos{yqz)- Ji{qp)QXT£>{-i(p)e_sm{yqz)\qdq  ,  (10) 

(2^)  •' 

where  p=^x-yz)^  +y^  . 

Now  let  us  assume  that  the  input  field  is  left-hand  circularly  polarized.  In  this  case,  in  expansion  (4)  in  terms  of  eigen¬ 
vectors  (3),  the  eigen-values  are  equal  to  aj(^)  =  — z'exp(z^/2)/V2  and  a_i{(p)  =  exp{i(pf2)f‘j2  .  Calculation  similar  to 
the  previous  one  gives 

A(p,(p,z)  =  -^  \Fiq,z)[jQ{,qp)e_cosirgz)-Jiiqp)exp{i^)e+  sm(rqz)]gdq  ,  (11) 

(2^)  •' 

As  follows  from  equations  (9),  (10),  the  circularly  polarized  wave  excites  in  the  biaxial  crystal  the  superposition  of  two 
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waves  of  orthogonal  polarization  one  of  which  contains  wavefront  dislocation.  The  amplitude  ratio  of  these  waves  depends  on 
the  distance  covered  in  the  crystal  by  the  simple  harmonic  law. 

Let  us  consider  the  particular  case  of  incidence  on  the  crystal  of  a  zero-order  BLB.  Then  /,„(p)  =Jo(^inP)  ■  Neglect  the 
influence  of  the  Bessel  beam  transverse  restriction  on  its  Fourier-spectrum.  Then  Fj„  (q)  =  2n:S(q-qj„)fqj„  where  S(x)  is  the 
delta-function.  Integrating  (10)  and  (1 1)  we  find  the  field  amplitudes  at  the  exit  from  a  crystal  of  thickness  L. 

A{p,(p,L)  =  aQ{jQ{qi„p)cos(yqi„L)e:^  -  (?,„/?) exp(-z»sin(79,„L)e_)  (12) 

for  the  right-hand  polarized  incident  beam  and 

A  {p,(p,L)  =  ao(-^o(9w/’)cos(y9j„Z)e_  -  /i(9j„/>)exp(/»sm(x9,„I)e+)  (13) 

for  the  left-hand  polarized  one. 

Thus,  the  output  field  is  the  superposition  of  the  zero-order  and  the  first  order  BLBs  with  orthogonal  polarizations.  When  the 
condition 

Yqi„L  =  {2n  +  \)7il2,  (14) 

where  aj=0,1...  is  fulfilled,  the  term  in  (12),  (13)  proportional  to  the  Bessel  function  JoiRmP)  becomes  zero.  Consequently, 
complete  conversion  of  the  right-hand  circularly  polarized  input  zero-order  Bessel  beam  into  a  left-hand  circularly  polarized 
first-order  Bessel  beam,  and  vice  versa,  will  take  place.  Estimation  of  the  oscillation  period  on  the  basis  of  equation  (8)  at 
a«  0.016  (KTP  crystal),  X  =  0.63  pm,  y=  0.02  gives  Lq  « 0.5 mm. 

It  is  important  to  note  that  the  procedure  of  increasing  the  Bessel  ftmction  order  can  be  continued.  To  do  this,  it  is  necessary 
to  separate  in  output  field  (12),  (13)  a  component  proportional  to  the  first-order  Bessel  function  and  realize  its  repeated  passage 
through  the  crystal,  and  so  on. 

In  the  general  case  of  incidence  on  the  crystal  of  a  Bessel  function  of  order  m  with  the  phase  factor  expfVwp),  integrating  (7), 
we  find 

Fm  =  2^(0'"  exp(i»i$?)5(q - ?,„)/?,„  .  (15) 

Substitution  of  (15)  into  (9)  leads  to  formulas  generalizing  (12),  (13): 

Aip,(p,L)  =  -^ - {Jm  (9,>,P)cos(y9,„Z)e+  +  J„_l(qr,.„p)exp[/(m-l)<p]sin(r9,„I)e_) 

2n 

/i-vm 

A  (/?,  (p,  L)  =  - {Jm  {qin  p)  L)6_-J  {qin  p)  exp[/(m  + 1)^]  sin(;'g,-„Z)  e+  ) 

In 

Thus,  theoretical  analysis  points  to  the  possibility  of  formation  in  biaxial  crystals  of  light  beams  with  screw  dislocations  and, 
in  particular,  to  higher-order  BLBs. 

2.2.  Experimental  Results  and  Discussion 

The  effect  of  transformation  of  the  order  of  a  BLB  was  tested  experimentally.  The  experimental  setup  shown  in  Fig.  2. 

A  collimated,  circularly-polarized  Gaussian  beam  of  a  He-Ne  laser,  5  mm  in  diameter  (1/e)  was  transformed  into  a  zero- 
order  BLB  using  an  axicon  with  an  angle  at  is  cone  base  of  ~  2.2°.  Consequently,  the  cone  angle  y  of  the  resulting  zero-order 
BLB  is  ~  0.02.  Then  the  Bessel  beam  is  focused  on  a  12mm  thick  KTP  crystal  oriented  perpendicularly  to  the  binormal  and 
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located  at  a  distance  of  ~  16  cm  from  the  axicon.  The  radius  of  the  BLB  formed  by  the  axicon,  within  the  limits  of  the  crystal 
position,  is  ~  1.5  mm. 


Figure  2.  Optical  system  for  transformation  of  the  order  of  the  Bessel  beam;  1  -  16x  telescope;  2  -  A,/4  plate,  3  -  diaphragm,  4  - 
axicon;  5  -  KTP  crystal;  6  -  polarization  analyzer;  7  -  viewing  and  recording  system. 


In  the  output  field,  the  right-  and  left-circularly  polarized  components  are  separated  and  investigated  independently.  The 
intensity  distribution  in  their  cross-section  is  measured  and  compared  to  squared  zero-  and  first-order  Bessel  fimctions  in 
accordance  with  equation  (12).  Figs.  3(a,b)  show  the  images  of  the  central  part  of  the  beams  at  the  output  face  of  the  crystal. 


Figure  3.  Images  of  the  field  at  the 
output  face  of  the  crystal  for 
radiation  with  circular  polarization 
coinciding  with  the  input  one  (zero- 
order  BLB)(a)  and  orthogonal  to  it 
(first-order  BLB)(b). 


(b) 

Figs.  4(a,b)  give  the  corresponding  intensity  distributions  in  comparison  with  the  squared  Bessel  functions  Jliykap)  and 
J\  (y^oP)  ■  K  is  clear  that  good  quantitative  agreement  between  theoretical  and  experimental  data  is  obtained. 

In  addition  to  these  radial  distributions  of  intensity,  an  important  signature  of  first-order  BLBs  is  their  wave-front 
dislocation.  To  reveal  this,  interference  of  the  BLB  with  plane  and  spherical  reference  waves  have  been  studied.  For  comparison 
with  theory  in  Fig.  5  the  numerically  calculated  interference  pictures  is  shown.  It  is  seen  that  in  the  case  of  interference  with  a 
plane  reference  wave,  a  characteristic  indication  of  dislocation  is  the  bifurcation  of  the  maximum  at  the  center  of  the  BLB  and  in 
case  of  interference  with  a  spherical  wave  -  a  spiral  structure.  The  above  peculiarities  have  also  been  observed  in  experimental 
interference  patterns.  Images  of  these  patterns  are  given  in  Figs.7(a,b)  for  plane  and  spherical  reference  waves  respectively. 

Note  that  the  direction  of  spiraling  as  well  as  the  orientation  of  the  bifurcated  maximum  reverse  when  we  change  the  sign  of 
input  beam  circular  polarization. 

We  also  checked  the  theoretical  result  of  section  2,  indicating  the  possibility  to  stepwise  increase  the  order  of  the  Bessel 
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function  under  repeated  passage  of  light  through  a  crystal.  For  this  purpose  we  used  an  experimental  setup  with  two  crystals  in 
series.  In  the  first  stage  a  zero-order  BLB,  incident  on  the  KTP  crystal,  is  transformed  into  a  first-order  BLB,  as  before. 


(a)  (b) 

Figure  4.  Experimental  intensity  distribution  of  the  output  field  with  polarization  equal  to  the  input  one  (a)  and  orthogonal  to  it 
(b)  as  compared  to  design-theoretical  zero-  and  first-order  Bessel  beam  intensity  distributions. 


Figure  5.  Distribution  of  interference 
maxima,  calculated  for  the  case  of 
interference  of  the  field~  exp(i^) 
with  a  plane  wave  (a)  and  a  spherical 
wave  (b). 


Figure  6.  Images  generated  by 
interference  of  a  first-order  Bessel 
beam  with  a  reference  plane  wave 
(a)  and  with  a  reference  spherical 
wave  (b). 


Next  the  first-order  beam  polarization  is  converted  fi-om  left-circular  to  right-circular  polarization  and  the  beam  is  directed  to 
the  second  biaxial  crystal  a-HIOs  (iodic  acid)  along  the  direction  of  its  optical  axis.  According  to  equation  (14)  the  output  field 
then  involves  a  superposition  of  first-  and  second-order  BLBs.  Fig.  7  shows  the  radial  intensity  distribution  of  the  output  field 
component  with  polarization  orthogonal  to  the  input  polarization.  It  is  seen  that  this  distribution  is  reasonably  well  approximated 
by  the  squared  second-order  Bessel  function. 
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Figure  7.  Experimental  intensity  distribution  of  the  output  field 
behind  the  second  crystal  with  polarization  orthogonal  to  the  input 
field  polarization  as  compared  to  design-theoretical  second-order 
Bessel  beam  intensity  distribution. 


80  100 


Radial  coordinate  p, 

It  can  be  concluded  that  the  effect  of  transformation  of  Bessel  beams  when  propagation  along  the  biaxial  crystal  binormal  as 
expressed  by  formula  (14),  is  confirmed  experimentally. 

3.  WAVEFRONT  DISLOCATION  ORDER  TRANSFORMATION  FOR  RING  LIGHT  BEAMS 

In  this  section  the  problem  of  field  spatial  pattern  transformation  in  the  interior  conical  refi-action  scheme  is  considered  for  an 
input  field  in  a  form  of  circularly  polarized  Gaussian  beam. 

The  cylindrical  co-ordinates  with  Z  axis  along  binormal  direction  will  be  used  below.  The  electric  intensity  vector  of 
incident  beam  we  represent  in  the  form 

Ei„  (p.z)  =/m(A^)e+  exp(%z) ,  (16) 

where  e^.  =  (cj  4-  42  is  the  unit  vector  of  right-hand  circular  polarization.  If  a  beam  (16)  is  the  Gaussian  one  that 

Ao,  *0=  ale,  for  the  Bessel  beam  K  =  h  sm(y),  y  is  the  cone  angle,  i.e.  half-angle  at  the  vertex  of  BLBs  wave  vectors  cone.  The 
field  (16)  excites  inside  a  crystal  a  light  wave: 

A  {p,(p,z)  =  (/>,z)e+  +  A.{p,(p,z)e_  ,  (17) 

where  e.-  unit  vector  of  the  left-hand  circular  polarization  and 

A^ip,z)  =  ~^  \F,„{q)jQ{qp)cos{aqz)Q\Y){-iq'^z/2k)qdq  ,  (18) 

A_  (p,q>,z)  =  ^^  fF,„(q)Ji(qp)sm(aqz)exp(-iq^z/2k  +  iq>)qdq  .  (19) 


Here  (^) -  function  Fourier-spectnim  P^^J(x~az^ ,  a  =  -£2  ]  is  the 

anisotropy  parameter,  /t=u?  /v  ,  v  is  the  wave  phase  velocity  in  the  binormal  direction,  £  12,3  is  the  principal  values  of  an 
inductivity  tensor,  Jq  1  (qp)  are  the  zero-  and  the  first-order  Bessel  functions. 

The  vector  field  (17)  is  a  superposition  of  the  right  and  left  polarized  components  and  amplitudes  of  ones  depend  on  light 
path  length  in  the  crystal.  To  define  the  output  field  it  is  necessary  to  give  concrete  expression  of  the  F,„  (q)  function.  Let's 

consider  incidence  of  the  Gaussian  beam  with  amplitude  f,„{p)  =  exp(-yc>^/2w,^  +ikQ  p^  l2R,„)  on  the  crystal.  Then 

F.ni.d)  = - - expf - ^^^7 - 1  • 

(\-ikQwl,lR,„)  2{\-ikQyvf„lR,„)) 
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The  estimation  of  integrals  (18), (19)  leads  to  following  expression  of  vector  amplitude  of  the  output  field: 

Kp,9^L)  =  C[Jofe//j)e+  +  Jexp(/<p)Ji(g'^,/7)e_] .  (21) 


where  C  is  some  stationary  value. 

As  follows  from  (21)  at  the  sharp  focusing  of  the  Gaussian  beam  on  the  input  crystal  face  the  output  field  is  the 
superposition  of  zero  and  first  order  Bessel  beams  with  right-hand  and  left-hand  circular  polarizations. 

At  that  BLB  obliquity  parameter  equals  ak  For  the  KTP  crystal  it  corresponds  to  the  cone  angle  outside  of  the  crystal 
approximately  1.6  deg. 

To  improve  the  influence  of  the  Gaussian  beam  focusing  degree  on  the  output  field  the  numerical  calculations  of  integrals 
(18),  (19)  were  made.  Fig.8a,b  shows  the  amplitude  distribution  of  the  left-handed  polarized  field  on  the  output  crystal  face  and 
also  the  Bessel  function  of  the  first  order  at  the  input  Gaussian  beam  of  radius  Wi„«6A. 


Figure  8.  (a):  Transversal 

distribution  of  amplitude  module  of 
left-hand  polarized  field  component 
on  the  output  face  of  the  crystal. 

(b):  Comparison  amplitude  in  the 
axis  region  (1)  with  the  first-order 
Bessel  function  l/i(a  kp)  \  (2)  at 
w,n=4pm,  L=12mm. 


(a)  (b) 

The  structure  of  the  right-hand  polarized  field  has  a  similar  form.  As  figures  show,  the  field  near  the  beam  symmetrical  axis 
is  precisely  described  by  the  expression  (21).  The  Bessel  function  and  also  smoothly  varying  pedestal  having  two-ring  structure 
are  general  properties  of  these  distributions.  When  Wi„  increases  the  number  of  Bessel  function  rings  decreases  and  the  pedestal 
level  enlarges  (Fig.  9a).  If  we  magnify  Win  still  more  the  Bessel  structure  practically  vanishes  in  comparison  with  the  two-ring 
field  (Fig.  9b). 


Figure  9.  Amplitude  distribution  of  left- 
hand  polarized  field  component  on  the 
output  crystal  face  at  L=12mm., 
Win=6pm  (a),  12pm  (b). 


When  light  is  focused  sharp,  diminishing  of  the  crystal  width  L  leads  to  decreasing  of  BLB  rings  number.  At  magnification 
of  L  the  number  of  rings  increases  along  with  the  pedestal  maintaining.  The  behavior  of  the  field  with  right-hand  circular 
polarization  is  completely  similar.  At  that  in  both  cases  dependence  of  output  field  intensity  distribution  on  the  curvature  radius 
f?in  is  negligible. 

To  affirm  availability  of  the  Bessel  component  in  the  output  field  its  profile  change  at  a  free  propagation  behind  a  crystal 
was  explored.  As  a  result  the  one-ring  intensity  profile  typical  for  BLB  propagation  in  a  far-field  region  (Fig.  10)  is  formed  only 
at  aperture  restriction  of  an  output  field  permitting  to  reduce  the  influence  of  a  pedestal.  The  divergence  angle  of  the  one-ring 
field  equals  anh  that  corresponds  to  the  formula  (21).  To  estimate  the  restricting  diaphragm  radius  we  can  use  the  expression 
^BLB  “  0.3/?o,  where  ^  is  the  dark  ring  radius  of  the  two-ring  field.  Thus  for  the  KTP  crystal  of  width  12mm  we  have 
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/fo«  190nm  and  /?blb«  50nm.  The  rather  small  magnification  of  a  diaphragm  radius  distorts  the  one-ring  field.  At  that  typical 
input  field  structure  formed  behind  a  crystal  is  multi-ring  profile. 


Figure  10.  Amplitude  distribution  of  left-hand  polarized 
field  component  behind  the  crystal  at  L=12mm, 
z=10cm,  RBLB=50pm. 


Thus  to  form  and  also  separate  Bessel  beams  by  the  conical  refraction  scheme  it  is  necessary  to  restrict  stringently  both  input 
beam  and  output  field  cross  section  dimensions. 

Let's  consider  in  detail  the  transformation  by  the  crystal  of  more  broad  Gaussian  beams.  At  values  Wjn  larger  10pm  the 
Bessel  structure  as  is  shown  above  is  distorted  and  transformed  to  small  oscillations  near  the  field  symmetrical  axis  against  a 
background  of  the  two-ring  field  (Fig.  9b).  Behind  the  crystal  the  beam  field  is  converted  to  the  multi-ring  high  quality  beam 
(Fig.  1  lb).  The  right-hand  polarized  component  has  a  similar  structure  (Fig.  1  la).  At  that  the  left-hand  polarized  component  has 
the  axial  dislocation.  It  is  important  that  the  experimentally  registered  intensity  distributions  of  these  fields  (Fig.  1  la,b)  coincide 
with  theoretically  calculated  ones. 

Figure  11.  Multi-ring  beams  without 
dislocation  (a)  and  with  the  first-order 
wavefront  dislocation  (b). 


(b) 

When  the  two-ring  output  field  propagates  at  a  free  area  its  structure  is  invariable  and  the  outer  ring  amplitude  diminishes 
with  magnification  Wi„.  In  the  case  of  extreme  broad  input  beams  (M'i„~200pm)  the  one-ring  field  behind  a  crystal  does  not 
change  the  structure.  It  is  important  that  this  field  can  be  approximated  by  a  Laguerre-Gauss  mode  Loi  with  a  split-hair  accuracy. 
Fig.  12  shows  the  experimentally  registered  intensity  distributions  of  this  mode. 

It  is  of  interest  to  investigate  the  propagation  of  beams  having  wave  front  dislocations  in  a  crystal.  To  describe  this  case  it  is 
necessaty  to  exchange  in  the  formula  (16).  At  that  the  formulas  (18),  (19)  remain  valid  taking  into  account 

replacements  Mqp)  ->J„(qp)exp(img}),  Ji(qp)-^J^^i(qp)sxp[i(m+l)^].  Therefore  it  is  possible  to  receive  fields  with  a 
dislocation  second  and  higher  orders  (Fig.  13)  by  passing  through  the  crystal  of  ring  or  Laguerre-Gaussian  modes  formed  from  a 
Gaussian  beam. 
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Figure  12.  loi  Laguerre- 
Gaussian  mode,  formed 
at  the  conditions  of 
internal  conical 

refraction. 


Figure  13.  Ring  beam 
with  the  second-order 
wavefront  dislocation 
formed  at  loi  mode  (Fig. 
12)  propagation  through 
the  crystal. 


The  additional  opportunities  to  transform  beams  are  disclosed  at  overlapping  of  the  crystal  and  axicon  in  the  unified.  Fig.  14 
shows  some  examples  of  beams  experimentally  obtained  by  means  of  axicon  from  beams  with  wave  front  dislocations.  Virtues 
of  this  method  of  forming  of  light  beams  with  higher  orders  dislocations  are  the  simplicity  of  production  and  opportunity  to  use 
one  for  high-intensity  beams  transformation.  The  property  of  spatial  cross  invariance  of  the  optical  scheme  on  the  base  of  the 
biaxial  crystal  is  also  important  and  allows  to  form  two-dimensional  arrays  of  beams. 


Figure  14.  Bessel  light  beams  of  the  first  (a)  and  the  second  (b)  order  formed  by  the  axicon  from  beams  showed  on  the  Figs.  12 
and  13  respectively,  (c)  -  beam  with  disintegrated  wavefront  dislocation  of  the  second  order.. 


The  sensitivity  to  different  contortions  of  the  scheme  is  the  relevant  performance  of  beam  spatial  pattern  transformation 
processes  in  biaxial  crystals.  We  studied  influence  of  the  propagation  direction  deflection  from  binormals  on  an  output  field.  It 
is  revealed,  that  at  small  rotational  displacement  of  a  crystal  (~20min)  the  symmetry  of  a  Loi-mode  is  disturbed  (Fig.  15).  If 
axicon  is  illuminated  by  such  asymmetric  beam  the  spiral  beam  is  formed.  Helical  intensity  distribution  is  revealed  easily  after 
passage  of  this  beam  through  a  short-focus  (5- 10cm)  diverging  lens  (Fig.  16).  In  a  case,  when  the  scheme  with  two  crystals  is 
used  and  the  output  field  contains  a  dislocation  of  the  second  order,  the  rotational  displacement  of  a  crystal  leads  to  its  decay  on 
two  first-order  dislocations. 


Figure  15.  Asymmetric 
ring  field  formed  at 
input  beam  deflection 
from  the  crystal 
binormal. 


Figure  16.  Helical  beam 
formed  from  asymmetric 
ring  field  (Fig.  15)  by 
passing  through  the  axicon 
and  diverging  lens. 
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The  observed  experimentally  field  distortions  can  be  explained  as  a  result  of  the  beam  axis  deflections  fi'om  a  binormal 
direction  that  leads  to  the  occurrence  of  the  small  nondislocation  impurity  in  left-hand  polarized  field  component.  The 
comparison  of  Fig.9  and  results  of  numerical  calculations  of  the  interference  of  the  Loi  mode  with  plane  wave  (axial  beam),  and 
also  known  effect  of  second  order  dislocation  disintegration  because  of  interference  with  an  axial  beam  without  dislocation  [6] 
confirms  this  fact.  Observed  distortions  of  axial  symmetry  of  a  field  occur  if  to  rotate  the  polarizer  by  a  little  angle  that  uniquely 
results  to  modes  intermixing.  This  fact  confirms  that  similar  distortions  of  the  field  spatial  pattern  arise  because  of  the 
superposition  of  modes. 


CONCLUSION 

In  this  paper  we  have  investigated  and  systematized  amplitude-phase  effects  taking  place  when  Bessel  or  Gaussian  light  beams 
propagate  in  the  binormal  direction  of  a  biaxial  crystal.  It  is  shown  that  the  circularly  polarized  input  Gaussian  beam  depending 
on  a  degree  focusing  can  be  transformed  to  different  ring  fields  including  in  Bessel  beams.  The  singularity  of  a  biaxial  crystal 
optical  properties  in  the  binormal  direction  induces  the  phase  front  screw  dislocation  of  the  output  wave  polarized  orthogonally 
to  the  input  one.  The  repeated  passage  through  the  crystal  allow  to  increase  step  by  step  the  dislocation  order.  The  mentioned 
above  features  of  cylindrical  li^t  beams,  such  as  availability  of  screw  dislocations  and  conical  structure  of  a  spatial  frequencies 
spectrum,  motivate  to  attack  problem  of  these  light  beams  production  and  transformation.  It  is  important  that  it  is  possible  to 
receive  the  transformation  ratio  of  beams  close  to  100%  by  selection  of  width  of  a  crystal  or  cone  angle  initial  BLB. 

Thus  on  the  basis  of  a  biaxial  crystal  the  effective  scheme  for  production  and  transformation  of  light  beam  phase  front 
dislocations  has  been  created. 
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ABSTRACT 

Presented  is  a  stable  single-frequency  master-oscillator  on  the  basis  of  a  pulsed  dye  jet  laser  for  powerful  isotope  separation 
systems.  In  a  simple  GIG  resonator  without  prism  expanders,  we  obtained  170-mW  single-frequency  output  power  with  an 
open  beam  pump  and  up  to  100  mWLwith  a  fibre-guided  pump.  The  application  of  a  frequency  stabilization  system  brought 
the  short-term  stability  down  to  50  MHz/s  (at  pulse  duration  8  ns,  15-kHz  repetition  rate)  and  the  long-term  stability  down 
to  120  MHz/hour.  A  smooth  frequency  scan  within  an  8  GHz  region  (and  wider)  was  achieved  on  the  basis  of  pivot  method 
with  newly  implemented  components. 

Keywords:  pulsed  dye  laser,  single-frequency,  GIG-resonator,  smooth  frequency  scan 

A  single-frequency  dye  laser  (SF-DL)  pumped  with  a  Cu-vapour  laser  (CVL)  is  an  efficient  source  of  tunable  narrowband 
radiation  of  the  visible  spectrum.  An  important  field  of  application  of  this  type  of  lasers  is  that  of  using  them  as  master  os¬ 
cillators  in  powerful  laser  isotope  separation  systems.  The  spectral  characteristics  of  the  output  radiation  of  these  systems  is 
largely  determined  by  those  of  the  master  oscillator.  This  refers  to  the  radiation  spectrum  width,  the  radiation  frequency 
stability,  and  the  smooth  scanning  range  of  the  frequency.  The  works  aimed  at  developing  and  applying  new  methods  of 
improving  the  spectral  characteristics  of  master  oscillators  on  the  basis  of  SF-DL  pumped  with  a  CVL  are  rather  numerous 
[1],  but,  to  our  view,  the  ways  of  improving  this  kind  of  lasers  are  far  from  exhausted. 

In  this  paper  we  present  a  stable  single-frequency  dye  jet  laser  pumped  with  a  CVL  through  a  light  guide  designed  to  be 
used  as  a  master  oscillator  of  a  powerful  laser  system  [2].  In  designing  the  laser  at  issue  particular  attention  has  been  given 
to  improving  the  short-term  and  the  long-term  frequency  stability,  developing  simpler  methods  of  smooth  frequency  tuning, 
and  to  optimizing  the  delivery  of  pump  radiation  into  the  active  medium. 

In  the  designed  dye  laser  use  has  been  made  of  a  GIG-type  resonator  (a  short  resonator  with  a  grazing  incidence  of  radiation 
onto  a  diffraction  grating)  with  the  dye  cell  replaced  by  a  free-flowing  dye  jet  (fig.  1).  Longitudinal  pumping  was  employed, 
the  pump  radiation  is  made  through  a  dichroic  mirror  of  the  resonator  with  89  %  of  the  CVL  green  line  being  passed.  The 
selecting  element  was  a  holographic  diffraction  grating  produced  by  the  firm  “American  Holographic”  (2400  rulings/mm, 
50  mm  long)  fixed  at  an  angle  of  89°30'  to  the  resonator  axis.  The  flow  rate  of  the  dye  solution  was  10  m/s,  the  jet  cross- 
section  is  0.5  mm  x  4  mm  (the  jet  former  is  a  quartz  nozzle),  the  incline  of  the  jet  to  the  resonator  axis  is  10".  The  laser  dye 
solution  used  was  1.3  x  10'^  M/liter  Rhodamine  6G  in  a  ethylene  glycol  -  pure  alcohol  mixture  (1:1).  The  tuning  mirror  was 
a  high  reflectivity  dielectric  coated  optical  flat.  The  duration  of  the  SF-DL  oscillation  pulses  did  not  exceed  8  ns  FWHM, 
the  duration  of  the  CVL  pulses  was  12  ns  FWHM,  the  pulse  repetition  rate  was  15  kHz. 

The  dye  jet  laser  could  be  pumped  both  with  an  open  Cu-laser  beam  and  through  a  light  guide  .  The  open  beam  of  the  CVL 
was  focused  in  the  dye  jet  laser  active  medium  by  means  of  a  lens  with  65-mm  focal  distance,  the  pumping  beam  waist  di¬ 
ameter  amounting  to  about  100  pm.  Fig.  2a  presents  the  measured  pumping  beam  waist  profile  for  this  focusing,  the  meas¬ 
urement  was  made  with  a  one  dimensional  photodiode  array  (the  distance  between  the  array  elements  was  25  pm). 

For  the  3.5  W  power  of  the  pump  radiation  (CVL  green  line)  fed  into  the  dye  solution  jet,  the  output  power  of  the  dye  laser 
amounted  to  170  mW  in  stable  single-mode  operation  with  the  maximum  output  power  of  about  565  -  570  nm.  The  maxi¬ 
mum  overall  efficiency  of  pump  radiation  conversion  was  4.6%.  It  should  be  noted  that  in  the  short-resonator  GIG  laser  this 
parameter  is  largely  determined  by  the  diffraction  grating  efficiency  and  that  for  the  most  efficient  gratings  the  overall  pump 
radiation  conversion  efficiency  can  reach  12%  [3]  while  the  typical  values  of  the  overall  efficiency  for  GIG-dye-lasers  fall 
within  the  range  of  4  -  6%.  A  significant  increase  in  the  efficiency  of  a  SF-DL  can  be  expected  in  using  combined  gratings 
[4],  their  production,  however,  is  so  far  connected  with  a  number  of  technological  problems. 
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Figure  1.  The  schematic  of  the  designed  single-frequency  dye  jet  laser;  1  -  focusing  lens,  2  -  dichroic  mirror  of  the  resona¬ 
tor,  3  -  dye  solution  Jet,  4  -  tuning  mirror,  5  -  holographic  diffraction  grating,  6  -  auxiliary  piezoelectric  element, 

7  -  control  piezotransducers,  8  -  reference  confocal  interferometer,  9  -  photodetectors,  1 0  -  SF-DL  electronic  control  unit, 

1 1  -  modified  Fraunhofer  objective,  12  -  light  guide. 

The  application  of  a  fiber  for  delivering  the  pumping  laser  beam  into  the  GIG-dye-laser  active  medium  which  was  first  ac¬ 
complished  in  reference  [5]  under  the  conditions  of  longitudinal  pumping  makes  it  possible  to  spatially  “untie”  these  lasers 
and  improve  the  stability  of  the  frequency  and  power  characteristics  of  dye  lasers.  The  main  problem  arising  in  using  a  light 
guide  consists  in  obtaining  a  sufficiently  small  waist  of  the  pump  beam  at  the  exit  of  the  light  guide.  In  focusing  the  light 
guide  leaving  beam  with  a  spherical  lens  the  beam  waist  diameter  is  close  to  that  of  the  light  guide  diameter.  However,  the 
application  of  a  light  guide  with  a  relatively  small  diameter,  say,  with  that  of  100  pm,  creates  problems  in  feeding  a  rela¬ 
tively  powerful  pump  beam  due  to  the  destruction  or  welding  off  of  the  light  guide  inlet  end. 


a)  b) 

Figure  2.  The  measured  pump  beam  waist  profile  in  focusing;  (a)  an  open  beam  with  a  spherical  lens,  (b)  a  beam  at  the  light 
guide  outlet  with  a  modified  Fraunhofer  objective;  (the  dotted  line  denotes  the  experimental  data,  the  solid  line  shows  the 

approximation  with  a  Gauss  contour). 

To  deliver  the  pumping  laser  beam  to  the  dye  jet  laser,  we  used  a  light  guide  of  the  quartz-quartz  type  with  an  inner  diame¬ 
ter  of  400  pm.  The  pump  beam  was, focused  into  the  fiber  by  means  of  a  spherical  lens  with  a  65-mm  focal  length.  The  ra¬ 
diation  losses  in  passing  through  the  light  guide  did  not  exceed  14%.  To  focus  the  pump  beam  at  the  exit  of  the  light  guide 
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we  used  a  modified  Fraunhofer  objective  with  a  40-mm  focal  length  consisting  of  a  planoconvex  and  a  parabolic  lenses. 
This  objective  introduces  relatively  small  spherical  aberrations  and  makes  it  possible  to  concentrate  up  to  90  -  95%  of  the 
radiation  in  the  light  spot  of  an  essentially  smaller  size  than  that  of  the  light  guide  diameter.  The  least  pump  beam  waist  di¬ 
ameter  obtained  in  the  dye  solution  jet  was  that  of  240  pm  (Fig.  2b). 

In  pumping  a  dye  jet  laser  through  the  light  guide  the  pump  power  getting  into  the  dye  solution  jet  was  equal  to  2  W  (5 10.6 
nm),  that  of  the  output  of  the  dye  jet  laser  in  single-frequency  operation  amounting  to  80  mW  (the  overall  exitation  conver¬ 
sion  efficiency  amounts  to  4%).  Thus,  the  improved  pump  beam  focusing  at  the  400  pm  light  guide  outlet  by  means  of  a 
modified  Fraunhofer  objective  makes  it  possible  to  obtain  a  single-frequency  oscillation  regime  in  a  dye  jet  laser  with  a 
GIG-resonator  without  using  any  prism  beam  expanders  and  with  the  relatively  high  pump  power  conversion  efficiency. 

The  short-term  (for  averaging  times  of  1  sec)  dye  jet  laser  oscillation  frequency  free-running  jitter  controled  with  the  help  of 
a  scanning  Fabri-Perot  interferometer  with  a  resolution  of  30  MHz  amounted  to  100  -  150  MHz/sec.  The  external  condi¬ 
tions  of  the  laser  service  worsening  (vibration,  acoustic  disturbances),  the  short-term  oscillation  frequency  jitter  could  in¬ 
crease  up  to  500  -  600  MHz.  Note  that  the  range  of  the  short-term  free-running  frequency  jitter  in  similar  short-resonator 
GIG-dye-lasers  lies  between  100-150  MHz  [3]  and  1  GHz  [6],  sometimes  even  more. 

Systems  of  active  stabilization  of  frequency  generation  in  a  dye  laser  pumped  with  a  CVL  are  used  quite  seldom,  and  their 
arrangement  is  quite  diverse.  Frequency  generation  can  be  actively  stabilized  with  the  aid  of  a  high-precision  wavelength 
meter  [7,  8],  a  two-element  photodetector  recording  the  change  in  the  angular  position  of  the  output  beam  with  changing 
oscillation  frequency  [9,  10],  a  reference  interferometer  recording  the  passing  radiation  by  a  linear  CCD  array  with  subse¬ 
quent  digital  data  processing  [1 1]  or  a  scanning  reference  interferometer  with  the  digital  processing  of  its  registered  passage 
profile  [12].  Characteristic  of  most  systems  applied  to  actively  stabilize  the  SF-DL  is  computer-based  data  processing  as 
well  as  computer-aided  elaboration  of  the  finalizing  control  signal.  Since  the  limited  speed  of  the  digital  systems  of  the  ac¬ 
tive  stabilization  of  a  pulse  dye  laser  frequency  does  not  permit  the  short-term  frequency  stability  to  be  essentially  im¬ 
proved,  their  application  is  mainly  aimed  at  decreasing  the  laser’s  long-term  frequency  generation  drift. 

To  stabilize  the  dye  jet  laser’s  oscillation  frequency,  we  used  the  method  of  the  frequency  lock  to  a  side  of  a  transmission 
fringe  of  the  reference  cavity  with  an  analog  feedback  loop  control  system.  The  reference  interferometer  represented  a  ther¬ 
mostatically  controlled  confocal  Fabri-Perot  interferometer  (the  temperature  instability  of  the  interferometer  is  <  0.02")  with 
a  FSR  5  GHz,  finesse  2.  An  actuating  element  of  the  frequency  stabilization  system  were  the  piezotransducers  of  the  tuning 
mirror.  The  response  time  of  the  feedback  loop  control  system  was  0. 1  sec.  The  application  of  the  frequency  stabilization 
system  made  it  possible  to  reduce  the  short-term  oscillation  frequency  jitter  of  the  dye  jet  laser  down  to  50  MHz/sec  (fig.  3) 
an  to  achieve  the  long-term  stability  of  the  oscillation  frequency  of  120  MHz/  hour.  Obtained  short-term  linewidth  is  of  the 
order  of  the  Fourier  transform  limit  for  a  8  ns  laser  pulse. 


Figure  3.  Single-mode  stabilized  dye  laser  output  monitored  by  a  3  GHz  FSR  scanning  confocal  interferometer 
(finesse=100).  Approximately  5  - 10^  laser  pulses  occurred  during  the  sweep. 
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The  traditional  method  of  smooth  single-frequency  scaiming  in  GIG-resonators  is  the  pivot-method  [13,  14],  The  gist  of  the 
method  consists  in  that  to  smoothly  scan  the  oscillation  frequency  of  a  short-resonator  GIG-laser  in  a  range  exceeding  that 
of  resonator  dispersion,  the  tuning  mirror  turns  around  a  certain  axis  referred  to  as  a  pivot-axis.  The  location  of  this  axis  is 
determined  by  an  intersection  of  the  plane  of  the  tuning  mirror  and  that  of  the  diffraction  grating.  This  rotation  of  the  tuning 
mirror  synchronizes  the  rates  of  scan  the  frequency  of  the  resonator’s  selected  longitudinal  mode  and  of  the  maximum  re¬ 
flection  of  the  diffraction  grating.  The  other  method  of  the  smooth  frequency  scanning  in  the  laser  with  a  GIG-resonator 
involves  the  application  of  an  additional  optical  element:  a  wedge  located  between  the  diffraction  grating  and  the  rotary  niir- 
ror  [15,  16].  In  this  case  the  rates  of  scan  the  resonator’s  selected  longitudinal  mode  frequency  and  the  maximum  reflection 
of  the  diffraction  grating  are  synchronized  when  the  wedge  also  rotates  around  a  definitely  located  axis.  However,  the  suc¬ 
cessful  application  of  these  methods  to  smoothly  scan  the  oscillation  frequency  of  a  GIG-laser  is  rather  a  complicated  task 
as  it  requires  a  high-precision  actuating  mechanism  (say,  a  high-precision  kinematic  drive)  and  sufficiently  accurate  adjust¬ 
ment  of  the  frequency  scan  unit. 

To  simplify  the  procedure  of  the  smooth  oscillation  frequency  scanning  in  a  dye  Jet  laser  with  a  GIG-resonator  we  combined 
the  idea  of  the  pivot  method  with  a  new  and  simpler  actuating  mechanism  of  the  tuning  mirror  rotation.  For  a  prescribed 
rotation  of  the  GIG-resonator’s  tuning  mirror  we  used  two  piezoelectric  transducers  with  a  very  simple  control  scheme. 

If  the  tuning  mirror  of  a  GIG  resonator  is  mounted  on  two  identical  piezoactuators  placed  at  a  distance  2L  from  each  other 
(fig.  4),  then  for  the  mirror  to  turn  through  dip  round  the  pivot-axis,  the  ration  of  the  voltages  fed  to  the  piezoactuators  must 
be  equal  to 


— ?-  =  — at -  where  d  is  the  distance  from  the  pivot-axis  to  the  middle  of  the  tuning  mirror. 

U^  /t,  d-L  ' 

This  expression  is  true  for  small  angles  dip  when  hj  and  h2  csn  be  considered  linear.  In  our  laser  the  distance  2L  between  the 
piezoactuators  was  36  mm,  and  d=40  mm.  In  our  case  the  necessary  calculated  ratio  of  the  controlling  voltages  Ui  /U2  for 
the  tuning  mirror  to  rotate  around  the  pivot-axis  is  equal  to  2.5.  Thus,  by  feeding  voltages  to  the  piezoactuators  from  one 
power  source  through  a  corresponding  voltage  divider,  one  can  accomplish  the  prescribed  rotation  of  the  tuning  mirror. 


Figure  4.  The  scheme  of  controlling  the  rotation  of  the  tuning  mirror  in  a 
GIG-oscillator  with  the  aid  of  two  piezotransducers. 


The  width  of  the  range  of  the  smooth  single-frequency  scanning  in  the  laser  with  a  GIG-resonator  in  rotating  the  tuning  mir¬ 
ror  with  the  aid  of  two  PZT  is  determined  by  the  expression: 
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,  dh.)  c 

Av  = - - - 

d  +  L 

For  our  parameters  (^/=40  mm,  /j2=1.6  pm,  1=18  mm,  X.=  566  mm,  4„=65  mm)  the  calculated  value  of  the  smooth  fre¬ 
quency  scanning  range  Av  is  9  GHz.''The  value  of  h2  is  determined  by  the  sensitivity  of  the  piezoactuators  and  by  the  value 
of  the  control  voltage.  As  piezoactuators  we  used  nine-layer  piezoceramics  (15(diameter)  x  5  mm  size),  the  control  voltage 
U2  was  equal  to  ±  200  V.  The  sensitivity  of  the  piezoceramic  transducers  came  to  4  pm/kV,  thus  the  value  of  Ap  could  not 
exceed  1 .6  pm. 

The  real  range  of  the  laser’s  smooth  single-mode  scan  was  8  GHz  (fig.  5).  The  ratio  of  the  voltages  on  the  tuning  mirror 
piezoactuators  was  close  to  the  calculated  one  (2.5),  the  procedure  of  the  smooth  scanning  of  the  laser’s  frequency  was  ini¬ 
tially  optimized  by  changing  the  ration  of  the  voltages  on  the  piezoactuators  within  a  small  range.  Besides,  for  a  more  accu¬ 
rate  initial  coincidence  of  the  maximum  dispersion  contour  of  the  grating  with  the  selected  oscillation  frequency  the  grating 
was  mounted  on  an  additional  piezoelement  which  could  shift  in  the  direction  perpendicular  to  the  working  surface  of  the 
grating.  In  the  process  of  the  smooth  scanning  of  the  laser’s  oscillation  frequency  this  additional  piezoelement  was  not  used. 

Note  that  the  proposed  actuating  mechanism  based  on  two  piezoelements  allows  the  oscillation  frequency  to  be  smoothly 
scanned  in  the  regime  of  active  frequency  stabilization  following  the  scan  of  the  reference  interferometer.  The  error  signal 
of  the  frequency  offsetting  is  fed  to  the  piezoactuators  in  the  same  proportion  (1. 0:2.5).  The  scan  rate  of  the  laser’s  oscilla¬ 
tion  frequency  under  the  conditions  of  the  active  frequency  stabilization  amounted  to  1  GHz/sec  (8-sec  sweep). 


Figure  5.  A  ,8-GHz  scan  of  the  SF-DL  under  two  PZT  tuning  mirror  control. 

The  unquestionable  advantages  of  the  advanced  method  of  the  smooth  scanning  of  a  laser’s  oscillation  frequency  are  the 
simplicity  of  the  actuating  elements  and  that  of  the  control  procedure  as  well  as  the  fast  operation  of  the  actuating  elements 
-  piezoactuators.  One  should  note,  however,  a  marked  hysteresis  in  the  dependence  of  the  laser’s  oscillation  frequency  on 
the  controlling  voltage  which  is  typical  of  piezoelectric  positioners. 
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Efficient  autoscanned  single-frequency  CW  dye  laser 

S.M.Kobtsev,  A.V.Korablev,  S.V.Kukarin,  V.B.Sorokin 
Novosibirsk  State  University 

ABSTRACT 

We  report  on  a  CW  single-frequency  dye  laser  with  a  1-W  threshold  power.  Output  power  of  the  laser  working  on 
the  RhodaminelP  dye  was  100  mW  out  of  2.4  W  of  the  argon  ion  pump.  Smooth  frequency  scanning  in  a  20-GHz  region 
with  up  to  20-GHz/s  rate  was  implemented  in  a  linear  dye  laser  cavity.  A  special  resonator  auto-adjustment  system  with 
internal  reference  features  the  short-term  radiation  linewidth  down  to  3  MHz/s  and  long-term  stability  level  of  150 
MHz/hour  without  any  external  frequency  stabilization  systems.  Explained  are  arrangements  of  original  execution  units 
included  into  the  laser  control  system.  The  control  system’s  features  are  discussed. 

Keywords:  CW  dye  laser,  single-frequency,  linewidth,  smooth  frequency  scan 

A  single-frequency  CW  dye  laser  (SF-CW-DL)  is  a  traditional  source  of  a  narrow-band  smoothly  wavelength-tuned  radia¬ 
tion  in  the  visible  spectrum.  An  SF-CW-DL  is  wnldely  used  both  directly  as  a  radiation  source  in  the  spectroscopy  of  high 
and  superhigh  resolution  of  the  visible  and  UV  (on  a  doubling  of  radiation  frequency)  spectrum  range,  and  as  master  oscilla¬ 
tor  whose  narrow-band  radiation  of  an  assigned  wavelength  may  increase,  e.g.,  in  technological  (laser  isotope  separation), 
astrophysical  (creation  of  artificial  guide  stars  [1])  and  other  powerful  laser  systems. 

By  now  the  greatest  acceptance  has  been  gained  by  ring  SF-CW-DL  which  provide  a  higher  level  of  output  radiation  power 
and  a  better  stability  of  a  single-frequency  oscillation  regime  as  compared  to  linear  SF-CW-DL.  The  ring  SF-CW-DL,  how¬ 
ever,  are  distinguished  for  a  more  complicated  adjustment/maintenance,  and  with  a  low  level  of  output  radiation  power  (e.g., 
50-  150  mW)  they  require  a  more  powerful  pumping  because  of  a  relatively  high  oscillation  threshold.  A  typical  ring  SF- 
CW-DL  contains  22  optical  surfaces  (8  of  which  have  reflective  coatings),  and  its  generation  threshold  on  effective  Rhoda- 
mine  6G  or  DCM  dyes  amounts  to  alpout  3  W  in  pumping  with  polarized  radiation  of  all  the  blue-green  lines  of  an  Ar-laser. 

The  present  paper  reports  the  results  of  developing  a  linear  SF-CW-DL  rated  at  a  relatively  low  radiation  pumping  power  (3 
W  all  B-G  lines  Ar-laser  or  2  W  CW  DPSS-laser,  532  nm)  and  providing,  at  this  pumping,  under  a  stable  single-frequency 
regime,  an  output  radiation  power  of  up  to  150  mW,  a  smoodi  radiation  frequency  tuning  in  the  range  of  20  GHz,  a  short¬ 
term  radiation  linewidth  of  3  MHz/s  with  a  long-term  frequency  drift  of  no  more  than  150  MHz/hr  without  any  external  fre¬ 
quency  stabilization  systems. 

The  scheme  of  the  designed  linear  SF-CW-DL  is  presented  in  fig.  1 .  The  laser’s  radiation  wavelength  selectors  are:  a  three- 
component  birefringent  filter  (the  thickness  of  the  first  plate  is  0.45  pm,  the  ratio  of  the  plate  thicknesses  is  1:4:13),  a  thin 
(0.5  mm)  Fabry-Perot  etalon  (the  surfece  reflection  coefficient  Ri_2  =  0.3)  optimized  in  accordance  with  the  recommenda¬ 
tions  of  [2],  and  a  selective  reflector  which  contains  a  thin  metal  film  and  the  resonator’s  output  mirror  which  are  aligned 
parallel  to  each  other. 

The  possibility  of  selection  one  longitudinal  mode  of  the  laser’s  linear  resonator  by  means  of  a  thin  absorbing  film  (TAF), 
the  thickness  of  which  is  far  less  than  the  length  of  the  radiation  wavelength  (this  possibility  was  first  demonstrated  in  [3]), 
makes  it  equally  possible  to  obtain  an  effective  single-frequency  oscillation  regime  both  in  continuously  operated  dye  lasers 
[4,  5]  and  in  lasers  of  other  types  [6].  Essentially,  the  method  of  selecting  longitudinal  modes  of  the  laser’s  linear  resonator 
with  the  help  of  a  TAF  fixed  perpendicular  to  the  resonator’s  axis  is  as  follows.  The  nodal  surfaces  of  different  longitudinal 
modes  in  a  linear  resonator  are  shifted  relative  to  one  another  along  the  resonator  axis,  so  of  maximum  Q-factor  are  only  the 
modes  in  which  the  electric  field  nodes  coincide  with  the  TAF  surface.  The  correct  selection  of  the  ratio  of  the  power  ab¬ 
sorbed  by  the  film  to  the  laser  gain  as  well  as  of  the  distance  from  the  film  to  the  resonator’s  nearest  mirror,  of  the  film 
thickness  and  the  set  of  preliminary  selectors  provides  the  fonnation  of  only  one  mode  in  the  laser.  The  TAF  is  a  much  sim¬ 
pler  selector  than  the  thick  Fabri-Perot  interferometers  consisting  of  two  Littrow  prisms  and  traditionally  used  at  the  last 
stage  of  single-frequency  dye  laser  mode  selection.  In  addition,  the  selective  reflector  from  a  TAF  possesses  a  higher  selec¬ 
tivity  [5]  as  compared  with  the  thick  Fabri-Perot  interferometer. 


Laser  Optics  2000:  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
Leonid  N.  Soms,  Vladimir  E.  Sherstobitov,  Editors,  Proceedings  of  SPIE  Vol.  4353  (2001) 

©2001  SPIE  •  0277-786X/01/$t5.00 


189 


Figure  1.  The  optical  scheme  of  the  dye  laser  is  a  three-mirror  resonator  with  astigmatism  compensation  and  non-parallel 
pumping  beam.  M3  is  the  coupling  mirror,  transmittance  -  3-5%,  flat;  M2  is  the  collimating  mirror,  curvature  radius  50 1^; 
Ml  is  the  end  mirror,  curvature  radius  50  mm,  Mp  is  the  pump  mirror,  curvature  radius  50  mm,  J  -  is  the  dye  jet,  BF  -  bire- 
fringent  filter,  ET  -  thin  etalon,  TAF  -  thin  absorbing  film,  PD  -  photodiode  with  pre-amplifier,  CM  -  control  module. 


The  dispersion  range  of  the  selective  reflector  fi'om  a  TAF  is  defined  by  the  distance  L  between  the  TAF  and  the  output  mir¬ 
ror  of  the  laser  resonator.  In  order  to  effectively  separate  one  longitudinal  resonator  mode  the  value  of  L  must  lie  within  the 

range  of 

4im<L<2l(l-2h/X), 


where  /  is  the  distance  from  the  dye  solution  jet  to  the  resonator’s  end  mirror  defining  the  fi-equency  interval  between  the 
modes  that  do  not  compete  due  to  the  spatial  hole  burning  effect,  A  is  the  radiation  wavelength,  h  is  the  thickness  of  the  ab¬ 
sorbing  film.  The  lower  limit  (0.3  cm  in  this  instance)  is  defined  by  the  condition  according  to  which  the  distance  between 
the  nodes  of  the  electric  fields  of  the  selected  mode  and  those  of  the  nearest  noncompetitive  mode  must  at  least  be  greater 
than  the  thickness  of  the  film  at  the  point  of  its  location.  For  i  =  2/  the  nodes  of  the  electric  fields  of  the  two  nearest  non¬ 
competitive  modes  coincide  with  the  TAF  surface,  so  the  selection  of  one  of  the  modes  is  impossible.  At  L  =  /  the  suppres¬ 
sion  of  the  modes  not  competing  with  the  selected  one  because  of  the  spatial  hole  effect  becomes  the  strongest. 

The  design  of  the  selective  reflector  fi'om  the  TAF  developed  by  the  present  authors  (Fig.  2)  provides  the  parallel  arrange¬ 
ment  of  the  laser’s  output  mirror  and  of  the  TAF  at  the  opposite  end  faces  of  a  cylindrical  monolithic  block  made  of  two 
quartz  cylinders  glued  to  the  piezoelectric  transducer  on  either  side.  The  inner  cavity  of  the  block  (between  the  surfaces  of 
the  output  mirror  and  of  the  TAF)  is  isolated  fi'om  dust  and  air  flows,  which,  combined  with  the  rigidity  of  the  monolithic 
structure,  provides  an  increased  stability  of  the  selective  reflector’s  base.  The  distance  between  the  output  mirror  and  the 
TAF  was  chosen  in  the  above  range  to  meet  the  condition  of  sufficiently  sharp  reflection  peaks  of  this  selector  and  that  of 
the  design  compactness  and  amounted  to  2.7  cm  (FSR  =  5.5  GHz). 

In  order  to  maintain  the  single-fi'equency  regime  of  the  laser  oscillation  for  a  long  time  it  is  necessary  to  use  a  system  of 
automatic  adjustment  of  the  TAF  to  the  node  of  the  selected  mode’s  electric  field  or  vice  versa:  of  the  latter  to  the  former. 
We  have  used  the  latter  method  which  at  the  same  time,  thanks  to  the  rigid  structure  of  the  selective  reflector,  has  permitted 
us  to  stabilize  the  laser’s  oscillation  fi'equency  as  well.  The  base  of  the  selective  reflector  is  less  subject  to  external  perturba¬ 
tions  than  that  of  the  laser  resonator,  so  the  selective  reflector  of  the  monolithic-block  structure  can  also  play  the  part  of  ra 
internal  reference  device.  The  automatic  adjustment  system  applied  operates  as  follows;  the  base  of  the  selective  reflector  is 
modulated  with  the  aid  of  the  PZT  on  a  frequency  of  1.3  kHz,  the  periodic  deflection  of  the  TAF  fi'om  the  electric  field  node 
of  the  selected  mode  leads  to  the  modulation  of  the  laser’s  output  power  (for  the  operation  of  the  self-tuning  to  be  stable  the 
amplitude  of  this  modulation  may  amount  to  2  -  3%),  but  does  not  cause  any  change  in  the  laser’s  oscillation  fiequency.  The 
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photoreceiver  registers  the  output  power  of  the  laser  and  gives  an  electrical  signal  which  is  proportional  of  laser  output 
power  to  the  synchronous  detector  with  frequency  of  detecting  1.3  kHz.  The  signal  from  the  synchronous  detector  amplifies 
and  moves  to  the  piezoelectric  package  of  the  collimating  mirror  so  that  to  reduce  amplitude  of  modulation  of  the  laser  out¬ 
put  power  at  the  1.3  kHz  frequency.  Thus,  the  automatic  adjustment  of  the  single-frequency  oscillation  regime  proceeds 
concurrently  with  the  stabilization  of  the  laser’s  oscillation  frequency  by  means  of  the  internal  reference  discriminator  - 
monolithic-block  selective  reflector. 


Figure  2.  The  structure  of  the  designed  selective  reflector  with  a  TAF.  1  -  a  TAF  (deposed  on  the  left-hand  side  of 
the  quartz  substrate  is  an  aluminum  coating  with  the  transmission  T  =  65%,  on  the  right-hand  side  -  an  anti-reflection  coat¬ 
ing),  2  -  quartz  cylinders,  3  -  a  PZT,  4  -  an  output  mirror  (deposited  on  the  right-hand  side  of  the  quartz  substrate  is  a  di¬ 
electric  coating  with  the  transmission  T  =  5%,  on  the  left-hand  side  -  an  anti-reflection  coating),  L  -  the  reflector’s  selective 
base.  The  mounts  of  the  output  mirror  and  of  the  TAF  to  the  monolithic  block  are  not  shown. 

To  measure  the  short-term  instability  of  the  oscillation  frequency  use  was  made  of  the  optical  heterodyning  method  involv¬ 
ing  two  identical  dye  Jet  lasers.  The  radiation  beams  of  the  lasers  were  brought  into  spatial  coincidence,  the  beatings  of  the 
lasers’  frequencies  were  recorded  by  a  fast-responding  photodiode  and  by  a  spectrum  frequency  analyser  CK4-56  with  a 
view  band  of  0-100  MHz  (Fig.  3).  A  typical  \vidth  of  the  frequency  beating  spectrum  of  either  laser  was  8-10  MHz/sec 
FWHM  which  corresponds  to  either  laser’s  short-term  oscillation  frequency  instability  of  no  more  than  7  MHz/sec.  In  the 
perions  of  the  minimum  external  perturbations  the  laser’s  oscillation  frequency  Jitter  amplitude  per  second  was  3  -  5  MHz 
FWHM.  The  laser’s  long-term  oscillation  frequency  drift  was  analyzed  with  the  aid  of  a  high-precision  wavelength  meter 
“Angstrdm”  to  a  measurement  accuracy  of  5  x  10"*  and  with  automatic  temperature  correction  of  the  readings.  The  dye  la¬ 
ser’s  oscillation  frequency  drift  rate  recorded  by  the  oscillation  wavelength  meter  did  not  exceed  150  MHz/hour,  although 
the  laser’s  actual  frequency  drift  rate  appears  to  be  lower,  because  the  radiation  wavelength  meter  possesses  its  own  drift  of 
readings  at  a  level  of  50-100  MHz/hour. 


Figure  3.  The  outward  appearance  of  the  system  which  was  used  to  measure  the  short-term  oscillation  frequency 
instability  of  the  designed  lasers  by  the  method  of  optical  frequency  heterodyning.  Shown  from  the  left  is  the  recorded  spec¬ 
trum  of  the  lasers’  frequency  beatings  (the  scale  of  the  X-axis  of  the  frequency  spectrum  analyser’s  screen  is  0  -  100  MHz) 
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The  smooth  scanning  of  the  analyser’s  oscillation  frequency  is  performed  by  changing  the  selective  reflector  s  base  fol¬ 
lowed  by  tuning  the  laser’s  resonator^with  the  aid  of  the  PZT-controlled  collimmating  mirror.  For  a  fixed  position  of  the  thin 
etalon  the  range  of  the  smooth  tuning  of  the  laser’s  oscillation  frequency  does  not  exceed  5  GHz.  When  the  range  of  the 
smooth  frequency  tuning  broadened  to  20  GHz,  we  performed  the  synchronous  scanning  of  the  thin  etalon  using  a  special 
electro-mechanical  drive  and  the  multipiezodrive  (four  nine-layer  PZTs)  of  the  collimating  mirror.  To  linearize  the  depend¬ 
ence  of  tuning  the  peak  of  the  thin  etalon  transmission  according  to  frequency  on  the  voltage  that  controls  the  electrome¬ 
chanical  drive,  use  was  made  of  an  analog  electronic  scheme  extracting  the  square  root  of  the  input  voltage  md  operating 
the  drive  with  the  thus  obtained  signal.  This  linearization  allowed  the  thin  etalon  to  be  scanned  concurrently  with  the  selec¬ 
tive  reflector  without  using  an  additional  feedback  loop  of  automatic  adjustment;  the  rates  of  tuning  these  selectors  were 
synchronized  by  calculating  and  selecting  the  appropriate  ratio  of  controlling  voltages  (a  total  amplitude  of  the  voltage 
across  the  PZT  package  equal  to  570  V).  The  maximmn  range  of  the  smooth  oscillation  frequency  tuning  ran  up  to 
21.01GHz  (cf  Fig.  4),  the  maximum  smooth  tuning  rate,  to  20  GHz/sec. 
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Figure  4.  The  frequency  of  the  SF-CW-DL  radiation  in  the  beginning  and  in  the  end  of  the  smooth  scanning  range  -  the  dif¬ 
ference  of  frequencies  in  the  begiiming  and  in  the  end  of  range  is  2 1 .0 1  GHz. 


Note  that  the  application  of  the  multipiezoactuator  of  the  collimating  mirror  for  the  smooth  tuning  of  the  SF-CW-DL’s  os¬ 
cillation  frequency  within  a  wide  range  makes  it  possible  to  get  rid  of  a  number  of  problems  [7]  typical  of  the  scanning 
Brewster  plate  commonly  used  for  tuning  the  length  of  the  laser  resonator. 

The  oscillation  threshold  of  the  designed  SF-CW-DL  was  no  higher  than  1  W  on  the  dyes  Rhodamine  19  and  Rhodamine 
6G  on  pumping  by  the  polarized  radiation  of  all  the  lines  of  an  Ar-laser.  The  low  oscillation  threshold  is  due  to  the  applica¬ 
tion  of  high-quality  mirrors  (the  total  radiation  losses  on  a  resonator’s  mirror  do  not  exceed  0.15%)  and  to  small  nonselec- 
tive  losses  introduced  by  the  birefringent  filter,  the  thin  Fabry-Perot  etalon  and  the  selective  reflector.  The  birefringent  filter 
and  the  selective  reflector  are  adjusted  by  a  special  technique  precluding  an  incomplete  adjustment  of  these  selective  ele¬ 
ments,  i.e.  an  incomplete  speectral  coincidence  of  the  peaks  of  transmitting  various  plates  of  the  3-plate  birefringent  filter  or 
the  nonparallelism  of  the  output  mirror’s  working  surfaces  and  of  the  selective  reflector’s  TAF. 

The  output  power  of  the  designed  SF-CW-DL  is  restricted  by  the  level  of  150  -  200  mW  above  which  the  absorbing  film 
may  be  damaged  (bumt-out)  in  the  procedures  of  the  laser’s  adjustments  brining  about  a  nonsingle-frequency  oscillation 
regime  and,  accordingly,  a  considerable  absorption  of  radiation  not  selected  by  the  film.  At  a  100-mW  output  radiation 
power  of  a  SF-CW-DL  the  aluminum  films  we  use  can  operate  for  an  unlimited  time  in  any  procedures  of  the  laser  adjust¬ 
ment.  The  pump  radiation  power  required  for  a  Rhodamine  19  dye  laser  and  a  Rhodamine  6G  dye  one  at  this  output  radia¬ 
tion  power  amounts  to  2.4  and  2.6  W,  respectively  (all  the  Ar-laser  lines) 
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ABSTRACT 

The  evolution  of  autocorrelation  function  observed  at  the  50  ns  resolution  for  prelase  oscillations  of  actively  mode-locked 
laser  evidences  that  an  effective  and  fast  pulse  shortening  begins  when  the  intracavity  radiation  intensity  attains  the  saturation 
level.  Pulse  duration  decreases  down  to  70-75  ps  value  during  10  cavity  roundtrips  and  fiirther  remains  unchangeable  and 
independent  on  the  ultrashort  pulse  energy. 


1.  INTRODUCTION 

Applications  of  the  flashlamp  pumped  actively  mode-locked  lasers  with  the  negative  feedback  stabilization  of  prelase  as 
the  ultrashort  pulse  sources  synchronizable  to  the  external  events  make  two  questions  to  be  of  particular  importance:  what  time 
is  necessary  for  the  transient  pulse  formation  after  prelase  starting  moment  and  whether  any  correlation  exists  between  pulse 
energy  and  duration  in  the  prelase  train.  A  well  known  results  obtained  by  Letokhov'  and  latter  by  Kuizenga  and  Siegman^  in 
frame  of  the  first  approximation  of  dispersion  theory  predicted  a  bandwidth  hmited  steady-state  pulse  formation  during  first 
200-300  radiation  roundtrips  in  laser  cavity  (2-3  ps).  Last  thirty  years  these  results  were  being  referenced  rvidely  in  all 
discussions  on  pulse  formation  problem  but  obtained  only  indirect  experimental  verification.  A  recent  involving  in 
consideration  of  the  group  velocity  dispersion  effects^  predicts  the  possibility  of  much  faster  pulse  shying  in  the  actively 
mode-locked  laser  with  a  feedback  stabilized  prelase. 

The  present  communication  performs  the  results  of  the  transient  pulse  formation  study  in  the  actively  mode-locked 
flashlamp  pumped  YAG:Nd^"'  laser  with  the  negative  feedback  prelase  stabilization''. 

2.  MEASUREMENT  PROCEDURE 

Experimental  study  of  the  transient  formation  of  ultrashort  light  pulses  was  based  on  the  time-resolved  measurements  of 
autocorrelation  function.  A  schematic  diagram  of  experimental  setup  is  shown  in  Fig.  I.  To  study  a  total  available  picture  of 
prelase  operation  Q-switching  and  cavity  dumping  in  laser  were  inhibited.  A  quasi-steady-state  prelase  oscillations  were 
maintained  by  the  negative  feedback  loop  and  a  mode-locker  drive  rf-pulse  was  switched  on  much  earlier  of  prelase  starting 
instant. 

The  prelase  radiation  was  extracted  from  laser  cavity  by  polarizer  due  to  the  presence  of  bias  voltage  applied  to  the 
electrooptic  DKDP  crystal  used  for  the  cavity  Q-control.  This  output  beam  was  divided  by  a  beam  splitter  and  directed  into  a 
negative  feedback  loop  and  correlator.  Before  correlator  radiation  was  detected  by  an  avalanche  photo-detector  PhDl  with  10 
ns  integrating  circuit.  Output  correlation  signal  provided  via  non-collinear  second  harmonic  generation  in  LilOs  crystal  was 
directed  to  a  high  speed  amplified  silicon  detector  PDA-155  with  20  ns  rise  time  (PhD2). 

Monitoring  of  ultrashort  pulse  formation  process  in  laser  have  been  organized  on  basis  of  personal  computer  with 
CAMAC  interface.  The  detector  signals  were  analyzed  by  two  8-bit  analog-to-digital  converters  (ADC)  with  resolution  limit 
of  50  ns.  To  provide  a  synchronous  numbering  of  the  detector  signals  both  ADCs  were  triggered  by  the  same  sync  pulse  from 
laser  timer  and  were  gated  by  the  common  signal  at  the  frequencies  either  10  or  20  MHz. 

Performed  above  measurement  system  accomplished  by  the  corresponding  computer  code  offers  the  opportunity  to  obtain 
a  temporal  sweep  of  the  autocorrelation  function  up  to  50  ns  (5  cavity  roundtrips)  resolution.  Enhanced  by  a  negative  feedback 
loop  high  reproducibility  of  prelase  dynamics''  made  it  possible  to  carry  out  measurements  at  the  averaging  of  experimental 
data  over  large  enough  nmnber  of  laser  shorts.  To  reduce  the  influence  of  possible  amplitude  fluctuations  on  the  averaging  of 
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non-collinear  second  harmonic  autocorrelation  signal  a  data  processing  code  provided  the  calculation  of 

ratio  for  every  laser  shot  and  following  averaging  both  W2c/T,t)  and  Ti(t,t). 


100%  100% 


Fig.  1.  Experimental  setup. 

The  main  problem  at  the  autocorrelation  technique  application  for  the  transient  pulse  formation  measurements  is  prelase 
jitter  removing.  It  should  be  reminded  that  earher  proved'^  reproducibility  of  prelase  dynamics  is  valid  in  time  scale  with 
floating  starting  point  which  Jitter  with  respect  to  flashlamp  trigger  is  about  several  microseconds.  Therefore  the  correct 
measurement  of  the  atuocorrelation  function  sweep  requires  a  locking  of  signal  envelope  records  involved  in  the  statistical 
averaging  at  all  values  of  optical  delay  to  the  common  time  axis  origin  corresponding  to  the  prelase  starting  instant.  Jitter 
removing  problem  has  been  solved  via  data  processing”*  with  the  specially  designed  computer  code  simulating  the  oscilloscopic 
scan  triggering  by  a  fast  comparator  with  adjustable  threshold.  For  every  oscilloscopic  scan  it  have  supplied  a  value  of  time 
delay  corresponding  to  the  instant  when  the  intracavity  radiation  power  attained  preset  level.  These  data  have  been  used  for  a 
proper  alignment  of  oscilloscopic  scans  at  their  statistical  processing. 

3.  RESULTS  AND  DISCUSSION. 

The  sweep  of  normahzed  autocorrelation  function  shown  in  Fig.2  was  obtained  at  the  gating  frequency  10  MHz  and  100- 
shots  averaging  scope.  It  shows  that  the  auto-correlation  function  on  the  first  microsecond  of  prelase  oscillations  acquires  a 
quasi-Gaussian  shape  corresponding  to  about  70  ps  pulse  duration  which  remains  practically  unchanged  during  a  prelase.  A 
sweep  in  Fig.2  corresponds  to  the  first  48  ps  of  quasi-cw  laser  oscillations  maintained  by  a  negative  feedback  loop  during  more 
than  100  ps.  Because  of  the  limited  ADC’s  RAM  100  ps  sweep  of  autocorrelation  function  could  be  recorded  at  twice  lower 
time  resolution.  Such  records  have  been  done  and  verify  the  uniformity  of  the  autocorrelation  function  to  the  very  end  of  the 
quasi-cw  ultrashort  pulse  train  envelope. 
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To  obtain  more  detail  information 
from  the  results  of  time-resolved 
autocorrelation  function  measurements 
Gaussian  fit  have  been  fulfilled  for 
every  time-cut  of  fimction  shown  in 
Fig.2.  Data  in  every  from  more  than  900 
time-cuts  contained  mean  values  and 
standard  deviations  for  50  experimental  ^  o 

points  along  the  delay  axes  measured  in 
result  of  averaging  over  100  laser  shots. 

Used  algorithm  of  regression  g 

reconstruction  was  based  on  the  least-  ^  o  s 

square  criterion  with  taking  into  account 
a  standard  deviations  of  experimental 
data  points.  The  pulse  duration  obtained 
after  such  data  processing  and  presented 
in  Fig.  3  b  does  not  manifest  any 
correlation  with  pulse  amplitude  shown 
in  Fig.  3  a.  An  additional  evidence  of 
pulse  duration  conservation  is  the  Fig.2.  Temporal  sweep  of  autocorrelation  function 

behavior  of  the  efficiency  of  second 

harmonic  generation  at  zero  correlator 
delay  T](0,t)  shown  in  Fig.  3  c.  One  can 
see  that  7](0,t)  (which  is  proportional  to 
If  Tj,  for  the  structureless  pulses) 

remains  constant  in  comparison  with  non- 
rectangular  envelope  of  prelase  signal 
(Fig-3  a). 

For  more  detail  consideration  of  the 
transient  laser  oscillations  in  their  very 
begiiming  the  initial  2  ps  range  of  time 
axis  in  Fig.3  is  scaled  stretched  up  to 
perform  the  experimentally  reahzed 
temporal  resolution,  ft  is  seen  that  a  pulse 
shortening  takes  about  10  cavity 
roundtrips  after  the  attaining  of  the 
measurable  level  of  autocorrelation 
signal.  The  front  time-cut  of 
autocorrelation  fimction  in  Fig.2  is 
characterized  by  the  eentral  spike 
corresponding  to  the  30  ps  pulse  temporal 
sub-structure  and  high  background  over 
all  range  of  delay  time.  The  analysis  of 
regression  evidences  a  low  quality  of 
Gaussian  fit  for  first  two  time-cuts  of 
autocorrelation  function.  Thus  the  initial 
two  points  in  Fig.3  b  can  be  attributed  to 
0  1  2  10  20  30  40  the  delay  variation  range  rather  than  to 

Tim  e,  ps  time  interval  in  which  spikes  of  valuable 

amplitude  are  present. 

Higher  values  of  the  second 

Fig.3.  Evolution  of  pulse  energy  —  a,  duration  —  and  efficiency  of  second  harmonic  generation  efficiency  T](0,t) 

harmonic  generation  —  c  in  the  feedback-stabilized  prelase.  (Fig.3  c)  in  the  sweep  begiiming  can  also 
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be  caused  by  the  rich  temporal  structure  which  increases  the  effective  radiation  intensity  and  as  a  consequence  gives  rise  to 
T](0,t).  It  should  be  pointed  out  that  the  presence  of  pulse  fine  structure  results  usually  in  high  fluctuations  level  of  the  second 
harmonic  generation  efficiency.  However  the  results  performed  in  Fig.3  c  evidence  that  ri(0,t)  attains  the  value  which  further 
remains  practically  constant  after  15-th  cavity  roundtrip. 

It  should  be  noticed  that  0.5  ps  time  interval  exists  between  the  moments  of  the  detectable  level  attainment  for  laser 
output  power  and  autocorrelation  signal  (compare  curves  in  Fig.3  a  and  b).  Moreover  the  abrupt  pulse  shortening  seen  fi-om 
Fig.3  b  begins  when  the  intiacavity  radiation  intensity  achieves  the  level  of  2.2  kW/cm^  almost  exactly  coinciding  to  the 
saturation  intensity  for  lasing  transition  of  active  medium.  An  attempt  to  suppose  that  the  pulse  formation  process  spans  also 
the  initial  0.5  ps  interval  evanesced  from  the  measurement  procedure  because  of  low  signal  level  faces  the  substantial 
difficulties.  It  is  inconsistent  with  too  abrupt  pulse  shaping  when  observed  sub-structure  of  autocorrelation  function  is 
smoothen  out  and  wings  in  wide  enough  delay  range  are  suppressed  during  about  100  ns  (less  than  10  cavity  roundtrips). 


Above  results  are  in  good  agreement  with  the  theoretical 
calculations  fiilfilled  in^  for  the  laser  configuration  similar  to  the 
experimental  one.  The  discrepancy  with'  -^  predictions  can  arise  fi-om  a 
negative  feedback  loop  action  which  was  not  taken  into  account  in  the 
theory  but  had  a  fast  enough  response  to  provide  a  certain  input  into  the 
intracavity  nonlinearity  and  dispersion. 

These  results  are  of  both  fundamental  and  practical  impotence. 
They  mean  that  a  time  interval  covering  100  ps  exists  which  begins 
about  0.5  ps  past  prelase  stating  moment  where  Q-switching  providing 
highly  reproducible  output  pulse  parameters  is  available.  The 
autocorrelation  function  of  single  output  pulse  extracted  from  resonator 
via  cavity  dumping  18  roundtrip  passes  latter  Q-switching  and  its’  best 
Gaussian  fit  corresponding  to  62  ps  pulse  duration  are  shown  in  Fig.4. 
The  tow  standard  deviations  of  experimental  points  almost 
unrecognizable  in  picture  under  their  graphic  representations  are  a  good 
confirmation  of  this  high  reproducibility. 


Fig.4.  Autocorrelation  fimction  of  the  single 
pulse  after  Q-switching  and  cavity  dumping. 


4.  SUMMARY 


Resmning  above  results  we  can  conclude  that; 

-  ultrashort  pulse  formation  process  in  the  actively  mode-locked  laser  vrith  negative  feedback  stabilization  begins  at  the 
intensity  level  in  the  cavity  corresponding  to  the  satiuation  one  for  laser  medium; 

-  pulse  shortening  is  veiy  fast  and  covers  about  10-20  cavity  roundtrips  only; 

-  after  an  initial  pulse  formation  the  duration  remains  constant  while  feedback  stabilized  quasi-cw  laser  oscillations  are 
maintaining  and  no  correlation  between  pulse  duration  and  energy  was  observed. 
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ABSTRACT 

The  dependence  of  output  parameters  of  a  Ti^^^.  AbOs  tunable  laser  (  an  efficiency,  build-up  time,  jitter,  etc.)  on  the 
temporal  delay  between  pump  pulses  of  a  Q-Switched  double  pulse  Nd^'^rYAG  laser  has  been  investigated.  The  advantages  of 
double  pulse  pumping  of  the  Ti:Sapphire  oscillator  has  been  demonstrated,  experimentally.  New  methods  of  output 
characteristics  control  for  tunable  Ti:  Sapphire  lasers  have  been  proposed. 

1.  INTRODUCTION 

The  Ti:Sapphire  lasers  are  a  well  known  sources  of  a  tunable  radiation  in  visible  and  near-infrared  spectrum  range. 
However  an  attempt  to  obtain  a  valuable  output  energy  in  narrow  line  from  Ti^^;Al203  laser  requires  the  application  of 
selective  elements  bringing  high  intracavity  losses  that  results  in  the  increase  of  threshold  pump  energy  and  the  generation 
build-up  time  and  also  decrease  of  laser  efficiency.  To  achieve  a  high  output  energy  at  a  narrow  generation  line,  the  laser 
oscillator-amplifier  combination  or  a  special  seeding  technique  [1,2]  is  usually  used  for  tunable  TP ^lA^Os  lasers. 

The  double  pulse  pump  was  proposed  and  investigated  successfully  for  the  improvement  of  the  tunable  dye  laser  output 
characteristics  [3].  With  pumping  by  the  double  pulse  laser,  the  first  weak  pulse  excites  the  active  medium  at  the  small 
exceeds  above  threshold,  while  the  second  (powerful)  pump  pulse  arrives  into  exited  active  element  by  the  time  the 
generation  starts.  Such  pump  method  increased  the  efficiency  of  dye  laser  up  to  ~  30%  with  about  two  times  narrowing  of  the 
generated  linewidth  in  the  center  of  the  dye  tuning  curve. 

The  main  difference  of  Ti;Sapphire  from  dye  in  this  aspect  is  the  high  fluorescence  lifetime  of  Ti^'^  in  AI2O3  ~  3,2  ps  and 
relatively  low  stimulated  emission  cross-section  a  ~  10‘”  cm^  [4].  These  parameters  lead  to  increase  temporal  instability  and 
a  generation  build-up  time  in  comparison  with  typical  Q-Switched  pump  pulse  duration  ~  10  ns. 

The  goal  of  this  work  is  an  investigation  of  the  possibility  to  improve  and  to  control  output  parameters  of  the  tunable 
Ti:Sapphire  laser  using  the  double  pulse  pumping. 


2.  EXPERIMENT 

The  pumping  of  the  Ti^^:Al203  laser  was  carried  out  by  the  doubled  radiation  of  the  NdrYAG  laser  LS-2134D,  by 
“Lotis-TII”  production,  with  the  dual  pulses  of  radiation.  LS-2134D  has  the  following  characteristics  at  the  pump  wavelength 
(532  nm):  dual  pulses  repetition  rate  -  10  Hz,  energy  per  each  pulse  is  ~  150  mJ,  beam  diameter  -  6  mm,  pulse  duration  (on 
FWHM)  ~  10-12  ns,  divergency  of  laser  radiation  on  a  0,5  level  ~  2,5  mrad. 

The  special  design  of  the  LS-2134D  pump  chamber  is  used  to  make  pump  of  two  Nd;YAG  active  elements  by  one  pump 
lamp.  Both  active  elements  are  placed  in  their  own  identical  Q-Switched  laser  resonators.  Each  laser  resonator  generates 
pulses  of  1,064  pm  radiation.  The  delay  between  pulses  is  determined  by  the  Q-Switches  triggering  moments  and  can  be 
varied  in  0-80  ps  range  with  step  1  ps.  Moreover,  there  is  a  possibility  of  slight  delay  adjustment  with  accuracy  ~  2  ns. 
Special  polarizer  unit  is  utilized  for  coincidence  of  these  pulses  in  common  beam.  The  output  double-pulse  fundamental 
frequency  radiation  falls  on  to  the  nonlinear  KTP  crystal,  cut  according  to  type  II  of  phase  matching  (oee)  for  the  second 
harmonic  conversion.  Wavelength  separator  mirrors  placed  after  KTP  crystal  are  used  for  spectral  separation  of  second 
harmonic  generation. 
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The  optical  scheme  of  the  TiiSapphire  laser  is  shown  in  Fig.l.  Two  identical  Brewster-cut  active  elements  Ti^^:Al203 
were  used  in  this  experiment.  They  have  had  following  parameters:  length  9  mm,  transmittance  at  the  532  nm  ~  22%,  FOM  - 
factor  (a532/a800)  ~  100.  Pump  radiation  is  focused  by  lens  5  (f  ~  500  mm).  The  optical  resonator  length  is  about  400  mm. 


Fig.l.  Optical  scheme  of  tunable  Ti:Sapphire  laser: 

1 -mirrors  R  =  99,9  %  (532nm);  2-  beam  splitting  mirror  R  =  50  %  (532nm);  3- 
focusing  lens;  4-active  elements;  5-output  coupler  R  ~  80  %  (770  nm);  6  - 
wideband  “rear”  mirror;  7-dispersion  prism  assembly;  8-prism  beam  expander 

Laser  parameters  have  been  measured  by  pyroelectric  energymeter  Rm-3700  by  “Laser  Probe”,  oscilloscope  Cl-75  with 
avalanche  photodiode,  monochromator  MSD-1000  by  “Solar  Til”. 

3.  RESULTS  AND  DISCUSSIONS 

The  results  obtained  with  the  single-pulse  and  the  double-pulse  pumping  have  been  compared.  The  use  of  two  A,=532nm 
pump  pulses  (~  75  mJ,  10  ns)  separated  by  a  delay  Ar~  40ns  allowed  to  obtain  a  ~  33  %  efficiency  (instead  of  a  ~  22,5  % 
for  a  single  (150  mJ,  10  ns)  pump  pulse)  at  the  7.=770nm  generation  (see  Fig.2).  The  linewidth  of  the  Ti:Sapphire  laser 

generation  at  the  single-  and  double¬ 
pulse  pumping  was  ~  0,08  nm.  The 
delay  between  pulses  was 
determined  as  time  difference 
between  pulses  peaks.  In  the 
double-pulse  pump  regime  pump 
energy  is  determined  as  sum  of  both 
pulses  energies. 

The  decrease  of  the  generation 
thresholds  (see  Fig.2)  at  the  double¬ 
pulse  pumping  allows  to  extend  the 
Ti:Sapphire  laser  tuning  range.  In 
the  present  work  the  expansion  of  a 
tuning  range  from  675-980  nm  to 
660-1015  nm  was  achieved. 

As  is  illustrated  in  Fig.  2,  the 
pump  energy  is  utilized  more 
effective  in  the  double-pulse  case.  The  decrease  of  the  generation  thresholds  conducts  to  growth  of  efficiency  and  faster 
generation  development.  The  stronger  effect  of  the  efficiency  increasing  is  appeared  close  to  the  edges  of  the  Ti:Sapphire 
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Fig.  2.  Slope  efficiency  of  the  Ti:Sapphire  laser  with  the  single-  (*)  and 
double-  (+)  pulse  pumping. 
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tuning  curve  (see  Fig.2  at  X  =  700  nm).  In 
this  case  the  proportion  between  the 
efficiencies  of  the  double-  and  single¬ 
pulse  pumping  is  higher  than  that  at  the 
maximum  of  a  TP^;Al203  tuning  curve 
apparently  because  of  affinity  to  threshold 
mode.  Moreover,  the  efficiency  curve  for 
the  double-pulse  pumping  doesn’t  show 
such  absorption  at  high  pump  energies  as 
in  the  single-pulse  pumping  regime. 

The  mathematical  modeling  of  the 
experiment  was  carried  out  for  the 
experimental  scheme  (Fig.  1).  The 
Ti^^:Al203  levels  population  dynamics 
was  simulated  by  a  four  level  model  with 
quasi-stationary  assumption,  since  the 
pump  pulse  duration  ~  10  ns  is  much 
longer  than  the  phase  relaxation  time  [4]. 
The  temporal  envelopes  calculated  on  the 
basis  of  algorithm  from  [5]  are  illustrated 
in  Fig.3.  The  left  side  of  Fig.3 
corresponds  to  a  single-pulse  pumping, 
the  right  side  corresponds  to  a  double¬ 
pulse  pumping.  Transmitted  pump 
radiation  intensities  Jj  (a,  a'),  intensities  of 
a  Ti;Sapphire  generation  (b,  b')  at  770 
nm  and  normalized  working  level 
population  N3IN0  (c,  c')  (see  Fig.  3)  were 
calculated  at  parameters  appropriate  to  the 
carried  out  experiment.  They  are  of  the 
following  values:  pump  intensity  Ji  =  400 
MWt/cm^  (corresponds  to  pump  pulse 
energy  ~  150  mJ  or  80  mJ  +  70  mJ  (first 
and  second  pump  pulses)  at  ~  10  ns  pulse  duration);  resonator  length  400  mm;  output  coupler  transmittance  80  %;  rear  mirror 
reflectance  99,9  %,  delay  between  pump  pulses  Ar  =  40  ns.  The  calculated  data  are  in  a  good  agreement  with  experiment. 
So,  Ti:Sapphire  build-up  time  (at  the  770  nm)  measured  at  the  single-pulse  pumping  (150  mJ,  10  ns)  is  equal  28  ns  with  pulse 
duration  ~  12  ns  and  efficiency  ~  22,5  %,  while  the  calculated  build-up  time  equals  25  ns  with  pulse  duration  13,5  ns  and 
efficiency  25  %  (see  Fig.  3a,  3b).  For  the  double-pulse  pumping  experimental  results  have  following  values:  the  build-up  time 
(relative  to  a  second  pump  pulse)  equals  ~  18  ns,  generation  pulse  duration  ~  10  ns.  As  is  indicated  in  Fig.  3  (b,  b')  the 
intensity  of  the  Ti^”^:  AI2O3  generation  at  the  double-pulse  pumping  in  ~  1,3  times  exceeds  that  at  the  single-pulse  pumping, 
while  the  experimental  result  is  ~  1,45  times  (see  Fig.  2  at  the  770  nm).  The  envelopes  in  Fig.  3  (c,  c')  indicates  that  the 
working  level  population  grows  quickly  enough  at  submission  of  a  second  pump  pulse  and  achieves  higher  value  than  that  at 
the  single-pulse  pumping.  This  results  in  the  faster  generation  dynamics.  As  the  generation  develops  from  the  “prelase” 
initiated  by  the  first  pulse,  the  amplification  it  on  the  resonator  roundtrip  achieves  higher  value,  that  results  in  more  effective 
stored  energy  utilization.  For  a  single-pulse  pumping  the  saturation  occurs  with  pump  intensity  increasing,  while  the  division 
of  pulses  in  time  provides  more  linear  absorption  mode. 

It  is  important  to  note  an  opportunity  of  the  Ti:Sapphire  laser  generation  stability  increasing  with  temporal  jitter 
reducing.  The  signed  above  results  on  build-up  time  reduction  (with  respect  to  second  pump  pulse)  allow  to  assume  an 
opportunity  of  jitter  control  using  double-pulse  pumping.  It  is  especially  important  at  the  edges  of  the  Ti.Sapphire  tuning 
curve,  while  the  jitter  in  these  region  is  inappropriately  great  as  a  rule.  Shown  in  Fig.  4  results  on  Ti:Sapphire  generation  jitter 
was  measured  with  respect  to  a  pump  laser  Q-Switch  triggering  pulse  as  a  jitter  of  pulse  leading  edge  at  the  half-maximum 
level  on  set  of-  100  pulses,  while  the  pump  pulses  (532  nm)  jitter  was  -  ±1  ns.  The  dash  line  shows  the  Ti:Sapphire  jitter  (at 
690  nm)  at  the  single  150  mJ  pulse  pumping.  Curves  (A)  and  (■)  differ  by  the  first  pump  pulse  energies:  A  -first  pump  pulse 
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Fig.  3.  Envelopes  of  the  transmitted  pump  intensities  (a,  a’),  generation 
intensities  (b,  b')  and  working  level  population  N3  normalized  on 
full  number  of  TP"^  ions  No  (c,  c'). 
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energy  equals  ~1.1  threshold  energy,  ■  -  1.2  threshold 
energy.  The  second  pump  pulse  is  80  mJ,  that  equals  ~1,3 
threshold  energy  for  the  690  nm  generated  pulse.  TTie  build¬ 
up  time  at  the  single-pulse  pumping  is  ~  100  ns,  at  the 
double-pulse  pumping  it  changes  from  ~  120  ns  (at  Ar  =50 
ns)  to  ~  40  ns  (at  Ar  =250  ns).  It  is  important  to  say  that 
change  of  the  delay  between  pump  pulses  practically 
doesn’t  influence  on  the  generated  pulse  energy.  The 
shaded  area  in  Fig.  4  corresponds  to  the  probable  moment 
of  the  generation  pulse  occurrence,  if  the  first  pump  pulse 
only  comes  in  to  action.  As  is  illustrated  in  Fig.  4,  increase 
of  the  first  pump  pulse  energy  conducts  to  improvement  of 
the  generation  jitter  and  by  appropriate  choose  of  the  delay 
between  pulses  it  can  be  reduced  substantially.  But  at 
approaching  of  Arto  the  instant  of  the  generation  pulse 
occurrence  under  the  first  pump  pulse  action,  the  jitter 
grows  sharply.  It  is  a  consequence  of  the  generation  build¬ 
up  process  (affected  by  the  first  pulse)  transition  from  linear 
to  the  exponential  mode  of  pulse  development.  The  jitter  of 
the  770  nm  generation  pulses  measured  at  the  single-pulse 
pumping  with  parameters  according  Fig. 3  ~  twice  exceeds 
that  at  the  double-pulse  pumping  (  ±  3  ns  and  ±  1,5  accordingly). 

On  a  basis  of  the  above  results  it  is  possible  to  make  a  conclusion  about  an  opportunity  to  control  Ti:  Sapphire  laser 
parameters  using  double-pulse  pumping.  It  is  needed  to  excite  Ti^'^;Al203  on  the  high  level  above  threshold  by  the  first  pump 
pulse  and  at  the  corresponding  delay  Ar  the  second  pump  pulse  will  provide  the  reliable  pulse  building-up.  The  reducing  of 
the  Ti;Sapphire  laser  jitter  and  build-up  time  in  wide  tuning  range,  using  the  double-pulse  pumping,  opens  new  opportunities 
of  synchronization  Ti^'^:Al203  generation  with  that  from  other  laser  sources. 

4.  CONCLUSION 

Resuming  advantages  of  the  TirSapphire  double-pulse  pumping  we  can  conclude  that: 

-  at  the  double-pulse  pumping  the  pump  energy  is  utilized  more  effective  due  to  the  acceleration  of  the  generation 
development  rate  and  reduction  of  the  saturation  in  the  absorption  channel; 

-  the  extending  of  the  tuning  range  can  be  achieved  easily  as  a  consequence  of  the  threshold  energy  decrease; 

-  high  reliable  Ti:  Sapphire  generation  can  be  achieved  in  wide  tuning  range  by  changing  the  delay  between  pump  pulses  and 
their  energies  proportion; 

-  the  possibility  of  the  reliable  generation  pulses  timing  to  that  from  the  other  laser  sources  takes  place  in  wide  Ti:Sapphire 
tuning  range. 


Ax  ns 

Fig.  4.  Dependence  of  the  generation  temporal  jitter  on  the 
delay  between  pump  pulses  at  the  different  pump 
intensities. 
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ABSTRACT 

Using  the  most  complete  in  literature  physical  model  of  the  non-steady-state  stimulated  Brillouin  scattering  (SBS),  the  nu¬ 
merical  study  is  carried  out  of  phase  conjugation  (PC)  in  the  SBS-mirror  that  consists  of  an  angular  selector  of  Stokes  radia¬ 
tion,  an  ordered  raster  of  small  lenses,  a  main  focusing  lens,  and  an  SBS-cell.  The  ordered  raster  with  controlled  varying  of 
its  parameters  allows  to  perform  the  effective  angular  filtering  of  non-conjugated  Stokes  component,  to  reduce  the  local  light 
loads,  and  to  avoid  the  competitive  nonlinear  effects.  An  optimal  configuration  of  such  SBS-mirror  has  been  determined.  It 
has  the  unique  properties  as  compared  with  the  current  SBS-mirrors.  It  fixedly  yields  the  PC  quality  that  is  near  to  an  ideal 
(the  PC  coefficient  is  about  of  or  more  than  95%)  at  the  selector  transmittance  50-70%  and  any  level  of  SBS  saturation,  i.e. 
any  reflection  coefficient.  In  the  SBS-mirrors  of  different  types  the  high  PC  quality  in  the  focused  beams  takes  place  at  the 
high  reflection  coefficients  only  that  is  difficult  to  realize  as  a  rule.  The  experimental  data  obtained  at  a  Nd  laser  facility 
show  the  validity  of  the  simulation  results.  The  developed  conception  of  SBS-mirror  with  unique  properties  can  be  applied 
for  the  improvement  of  wide  class  of  industrial  lasers. 

Key  words:  phase  conjugation,  stimulated  Brillouin  scattering. 

1.  mTRODUCTION 

The  phase  conjugation  (PC)  based  on  stimulated  Brillouin  scattering  (SBS)  has  been  widely  used  in  double-pass  laser  ampli¬ 
fiers.  After  the  first  pass,  the  amplified  laser  beam,  distorted  due  to  various  optical  inhomogeneities  in  the  amplifier,  is  inci¬ 
dent  on  the  PC-mirror.  The  purpose  of  PC-mirror  is  to  create  a  reflected  Stokes  beam  with  the  wave  front  being  a  conjugate 
to  the  incident  one  and,  thus,  to  compensate  the  optical  inhomogeneities  of  amplifier  during  the  reverse  pass.  The  PC  fidelity 
and  reflectivity  of  PC-mirror  have  a  crucial  influence  on  the  performance  of  such  system.’"^ 

The  main  component  of  PC-mirror  is  an  SBS-cell.  It  was  also  a  usual  way  to  use  a  random  phase  plate  located  ahead  of  SBS- 
cell.  The  aberrated  laser  beam  after  passing  through  the  random  phase  plate  acquires  a  small-scale  speckled  structure.  This 
promotes  the  reduction  of  “snake-like”  distortions  of  the  Stokes  wave  in  the  SBS-cell  and  increases  the  PC  fidelity.  Then  the 
use  of  SBS-cell  in  the  form  of  a  rather  long  light  waveguide  allows  obtaining  a  practically  perfect  PC  fidelity  of  the  statisti¬ 
cally  uniform  speckled  beam,  but  unfortunately  at  substantial  laser  intensities  the  lightguide  damage  resistance  is  a  challenge. 
In  order  to  avoid  this  and  to  solve  the  problem  of  exceeding  an  experimental  SBS  threshold,  the  speckled  laser  beam  is 
tightly  focused  by  a  lens  into  the  cell  with  a  gaseous  or  liquid  SBS-medium.  However,  the  focused  speckled  laser  beam  be¬ 
comes  a  statistically  nonuniform  one,  and  its  bell-shaped  mean  envelope  being  more  pronounced  in  the  Stokes  beam.  This 
leads  to  a  decrease  in  the  PC  fidelity.  For  example,  in  the  SBS  steady-state  linear  mode,  when  the  Stokes  beam  weakly  af¬ 
fects  the  laser  beam,  the  PC  coefficient  does  not  exceed  30%. 

On  the  other  side,  there  are  a  few  experimental  investigations  of  double-pass  amplifiers  where  the  aberrated  laser  beam  ex¬ 
perience  ordered  spatial  distortions  after  or  during  the  first  pass.  First,  the  ordered  distortions  may  be  introduced  into  the  la¬ 
ser  beam  through  the  use  of  an  ordered  phase  plate  in  the  PC-mirror  scheme  instead  of  the  random  one.  In  this  case  the  phase 
plate  is  a  raster  of  identical  Fresnel  lenses.^"®  Second,  the  ordered  distortions  can  appear  in  the  laser  beam  during  its  first  pass 
because  of  a  specific  construction  of  the  amplifier,  for  example,  if  the  amplifier  is  made  as  an  ordered  fibre  bundle.^ 

We  have  carried  out  a  numerical  investigation of  PC  at  the  steady-state  SBS  of  an  aberrated  laser  beam  in  the  case  of  PC- 
mirror  composed  of  an  angular  selector  of  Stokes  radiation,  an  ordered  raster  of  small  lenses,  a  main  focusing  lens  and  an 
SBS-cell.  As  a  result  of  the  investigation,  a  new  effect  of  extremely  low  noising  of  Stokes  beam  has  been  found.  Its  essence 
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is  in  the  fact  that  the  angular  selection  of  Stokes  radiation  leads  to  the  nearly  perfect  PC  when  the  SBS-mirror  arrangement  is 
optimal.  For  this  purpose  the  input  window  of  SBS-cell  should  be  placed  in  a  certain  intermediate  region  between  the  focal 
plane  of  rasher’s  lenses  and  the  focal  plane  of  main  lens.  It  has  been  shown  also  that  the  usage  of  the  Gaussian  random  phase 
plate,  which  was  traditional  in  the  PC  research,  instead  of  ordered  one  results  in  the  substantially  poorer  PC  fidelity  and  un¬ 
principled  role  of  angular  selection. 

Calculation'®  have  been  performed  in  an  approximation  of  steady-state  linear  (unsaturated)  SBS  when  the  Stokes  field  does 
not  affect  the  laser  pump  one.  But  in  the  experiments  the  SBS  saturation  shows  itself  in  any  event.  Moreover,  the  operation 
in  the  saturated  regime  of  SBS  is  one  of  the  aims  of  the  experiment  as  it  leads  to  an  increase  of  the  SBS-mirror  reflection  co¬ 
efficient.  Further,  for  modeling  the  experiments  on  PC  at  SBS  of  pulsed  laser  beams  it  is  needed  to  additionally  allow  for  the 
non-steady-state  transient  processes  related  to  the  finite  time  of  hyper-sound  relaxation  in  the  SBS-medium.  The  usage  of 
simplified  models  of  SBS  often  results  in  the  problems  of  interpretation  of  the  experimental  data  or  in  the  failure  of  quantita¬ 
tive  comparison  with  the  experiment.  The  numerical  simulations  taking  into  account  the  non-steady-state  saturated  SBS  and 
experiments  have  been  recently  begun.  "  For  this  purpose  the  most  complete  in  literature  physical  and  numerical  model  of 
non-steady-state  transient  SBS  has  been  developed  that  takes  into  account  all  main  physical  effects  and  is  more  close  to  ex¬ 
perimental  situation.  Carrying  on  our  recent  paper,"  we  describe  new  numerical  as  well  as  experimental  results  of  the  study 
of  PC  at  SBS  of  laser  beam  passed  through  an  ordered  raster  of  small  lenses  in  the  SBS-mirror.  Main  attention  is  paid  to  the 
determination  of  the  SBS-mirror  arrangement  giving  near-to-ideal  PC  quality  in  the  wide  range  of  laser  power. 


2.  TRANSIENT  SBS  MODEL 


The  SBS  is  described  by  the  set  of  equations:" 

«o  dA^  ^  dA^ 
c  8t  dz 

rig  dAg  dAs 
c  dt  dz 


1  .  .  ik 

- A I  A,  -1 — 

lik  ^  2 


1  .  .  ik 

—  A .  A^  -I — 
2ik  ^  ^  2 


V 

V”o 
/'„2 


-1 


A  = 


- 


(1) 

(2) 


^  P 
— -f +  2 

a' 


--hiQ 

J 


dp  2/Q  2gQ  .  ., 

— -F - p=  — A^A^.  +2iDS , 

dt  T  t 


(3) 


where  Ai,,  As  and  p  are  slowly  varying  laser,  Stokes  and  hypersonic  complex  amplitudes,  respectively,  g=coQtQJ[APsnoC^]  is 
the  SBS  gain  coefficient,  v=2l{cj^Tf  is  the  hyper-sound  relaxation  time  (phonon  lifetime),  O.=o^-cos  and  q^ki,  are  the  fre¬ 
quency  and  wave  number  of  hyper-soimd,  «o  is  the  mean  refractive  index  defined  by  the  relationship  k=noW^c,  is 

the  compressibility  of  the  medium,  v,.  is  the  adiabatic  hyper-sound  speed,  Y={Ar]l'i^Tf')l is  the  damping  constant,  t]  and  rf 
are  the  shear  and  bulk  viscosity,  yo®  is  the  mean  density.  The  frequencies  and  wave  numbers  of  laser  and  Stokes  waves  are 
considered  to  coincide.  The  field  amplitudes  are  normalized  so  that  the  radiation  density  fluxes  are  equal  to  Jy=\Asf. 

Below  in  calculations  the  time  of  varying  Al  (the  pulse  duration)  is  considerably  more  than  the  hypersonic  period  T=2nlQ. 
then  the  equation  (3)  can  be  simplified; 


dt 


T  T 


(4) 


In  the  equations  (1)  and  (2)  the  refraction  due  to  non-uniformity  of  refractive  index  n  not  related  to  density  variations  in  hy¬ 
personic  wave  is  taken  into  account  together  with  the  amplification  owing  to  the  parametric  build-up  of  hypersonic  wave. 
This  refraction  can  be  linear  as  well  as  nonlinear  when  «  depends  on  the  laser  and  Stokes  intensities.  In  the  present  work  the 
refraction  is  neglected.  The  fluctuation  Langevin  force  S  is  delta-correlated  in  time.  Its  modeling  has  been  considered  in  de¬ 
tail  in  Ref  1 1.  The  test  calculations  show  a  good  accuracy  of  the  numerical  method." 


3.  CALCULATIONS  OF  PC  OF  GAUSSIAN  BEAM  AT  SATURATED  SBS 

In  all  actual  experiments  the  role  of  SBS  satiuation  is  noticeable  in  a  vaiying  degree.  The  SBS  saturation  and  reflection  coef¬ 
ficient  rise  are  considered  to  favour  the  PC  fidelity  improvement.  We  will  obtain  here  the  dependence  of  PC  quality  on 
SBS  saturation  depth.  Let’s  consider  an  ideal  Gaussian  laser  beam  exp(-r^/a^),  where  a=0.047  cm.  The  input  laser 

amplitude  does  not  vary  in  time.  We  take  the  following  parameters  of  SBS-medium:  the  spontaneous  Brillouin  scattering  co¬ 
efficient  /t=10'^cm''sr'',  7=5  ns,  g=23  cm/GW,  the  SBS-cell  length  Z,=80  cm.  The  laser  beam  is  focused  into  SBS-cell  with 
the  help  of  a  lens  with  focal  length  z/=50  cm.  In  this  case  the  SBS  threshold  power  "  equals  /’i,‘*’»6.42/g=l  .5x10’’  GW. 
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To  evaluate  the  PC  quality  we  introduce  the  PC  coefficient 
A(z,  /)=  I  llAtir,  z,  t)A^r,  z,  t)dr  | "  l[P^z,  t)  Pl{z,  t)],  where 

Pl(z,  0=11 1  A^ir,  z,  0 1  ^dr  and  P.s(z,  0=11 1  A^r,  z,  t)  |  Vr  are  the 
laser  and  Stokes  powers.  At  an  ideal  PC  we  have  h=\.  In  Fig.l 
are  shown  the  asymptotic  PC  coefficient  at  the  SBS-cell  input 
and  the  reflection  coefficient  (the  ratio  of  asymptotic  Stokes 
power  at  the  SBS-cell  input  to  the  input  laser  power)  as  functions 
of  laser  power.  The  PC  coefficient  value  obtained  under  the  near¬ 
threshold  SBS  conditions  agrees  with  the  theory^  and  calcula- 
tions'®’'^  of  the  linear  steady-state  SBS.  The  PC  quality  with 
h<90%  can  not  be  considered  as  satisfactory.  As  it  is  seen  from 
Fig.l,  the  PC  fidelity  that  is  near  to  the  ideal  with  h>90%  occurs 
at  the  laser  radiation  reflection  that  is  more  than  80%. 


Fig.l.  Reflection  coefficient  R  (■)  and  asymptotic  PC  co¬ 
efficient  h  (O)  against  the  laser  power. 


Fig.2  demonstrates  the  laser  and  Stokes  density  flux  distributions 
in  the  longitudinal  section  of  SBS-cell  at  Jio=3.2xlO’^  GW/cm^  at 


three  temporal  moments.  It  is  seen  how  the  Stokes  radiation  begins  to  form  from  noises  (Fig.2(d)),  experiences  a  linear  SBS 
stage  (Fig.2(e))  and  is  “attracted”  to  the  input  window  of  SBS-cell  under  the  deep  SBS  saturation  (Fig.2(f)).  SBS  saturation 
changes  considerably  the  spatial  structure  of  laser  intensity  in  the  SBS-cell  (Fig.4(c)).  The  transverse  distributions  of  the  la¬ 
ser  and  Stokes  density  fluxes  at  those  three  temporal  moments  are  given  in  Fig.3.  They  show  demonstrably  the  temporal  ris¬ 
ing  of  the  PC  quality.  With  the  validation  purpose,  the  calculations  have  been  made  in  the  case  ofyio=3.2xl0'^  GW/cm  for 
three  steps  Az  so  that  gy/^oAz=0.49,  0.98,  and  1.96.  The  calculations  give  that  the  noted  variation  of  the  step  Az  does  not  prac¬ 
tically  affect  the  Stokes  power  and  the  PC  quality.  The  energy  balance  takes  place  (i.e.  the  incident  laser  energy  is  equal  to 
the  sum  of  the  laser  energy  passed  through  the  SBS-cell  and  the  output  Stokes  energy)  with  the  accuracy  of  0.15,  0.58,  and 


2.4%,  respectively. 


Fig.2.  Longitudinal  distributions  of  laser  (a-c)  and  Stokes  (d-f)  density  flux  in  the  SBS-cell  at  f/t=0.01  (a,  d),  1  (b,  e)  and6  (c,  f)  ob¬ 
tained  for  J/o=0.032  GW/cm^. 


Fig.3.  Transverse  distributions  of  density  flux  of  the  laser  radiation  Ji  (a)  and  Stokes  radiation  Js  at  the  SBS-cell  input  at  f/r-O.Ol  (b),  1 

(c)  and  6  (d)  obtained  for  Jio=0.032  GW/cm^. 
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4.  CALCULATIONS  OF  PC  IN  THE  CASE  OF  SBS-MIRROR  WITH  THE  RASTER  OF  SMALL 

LENSES 


We  have  shown  above  that  one  can  reach  the  high  PC  fidelity  in  the  case  of  SBS-mirror,  including  the  focusing  lens  and 
SBS-cell,  only  at  the  great  reflection  coefficients  of  the  laser  radiation  from  the  SBS-mirror.  But  often  it  is  not  feasible  since 
the  considerable  light  loads  result  in  the  growth  of  parasitic  competitive  non-linear  processes  in  the  SBS-active  medium  (the 
thermal  self-defocusing,  the  electrostriction  self-focusing,  the  optical  breakdown),  which  exert  the  negative  influence  on  the 
SBS  process  to  the  point  of  its  destruction.  Therefore  it  is  actual  to  obtain  the  near-to-ideal  PC  quality  for  the  relatively  small 
laser  powers.  With  this  purpose  we  will  consider  below  more  complicated  SBS-mirror  with  an  ordered  phase  plate  in  the 
form  of  a  raster  of  small  lenses  and  an  angular  selector  of  the  Stokes  radiation.  As  it  recently  shown  under  conditions  of  the 
linear  steady-state  SBS,'®  the  raster  is  more  preferable  in  comparison  with  the  random  phase  plate. 

The  principal  schematic  arrangement  of  SBS-mirror  with  the  raster  of  small  lenses  is  shown  in  Fig.4.  We  suppose  that  the 
laser  beam  after  its  first  pass  in  the  amplifier  has  a  half-width  a  and  angular  divergence  6i .  Its  imdesirable  excess  over  the 
diffraction  limit  results  from  the  optical  nonuniformities  in  the  actual  amplifiers.  According  to  Fig.4,  the  laser  radiation  is 
coupled  into  the  angular  selector  consisting  of  two  lenses  and  a  pinhole  situated  between  them.  The  pinhole  plane  is  the 
place  where  the  angular  selection  of  radiation  can  occur.  The  angular  spectrum  of  the  radiation  is  cut  in  the  selector  by  a 
value  of  ftie  transmission  angle  6>„/.  The  condition  is  satisfied.  After  passing  through  the  selector,  the  laser  beam 

goes  through  the  ordered  raster  of  identical  small  lenses  with  a  focal  length  / and  a  size  d.  Optical  properties  of  the  multiple 
Fresnel  lens  do  not  differ  practically  from  the  conventional  one.  The  distance  between  the  phase  plate  and  the  main  focus¬ 
ing  lens  is  L^.  The  main  lens  with  focal  length  F  focuses  the  aberrated  and  orderly  disturbed  laser  radiation  field  into  the 
SBS-cell  of  length  L.  The  distance  between  the  main  lens  and  the  input  window  of  the  SBS-cell  is  i]. 

The  laser  intensity  after  passing  through  the  raster  has  the  specific  distributions  in  the  zones  I  and  II,  where  the  laser  beam  is 
broken  up  into  the  ordered  arrays  of  beamlets.  One  of  them,  zone  I,  is  the  focal  region  of  main  focusing  lens  (see  Fig.4).  An 
ordered  spotted  picture  is  formed  in  zone  I.  Each  peak  of  this  picture  has  a  structure  of  angular  distribution  of  the  laser  inten¬ 
sity  incident  on  the  raster.  The  angular  interval  between  the  peaks  is  equal  to  9j=^d.  The  smooth  envelop  of  the  peaks  de¬ 
pends  on  the  amplitude  transmission  coefficient  of  the  raster’s  cell  and  does  not  depend  on  the  incident  laser  field  under  its 
large-scale  nonuniformity.  We  take  cf=0.1  cm,/=16  cm.  At  A=1.315  pm  it  gives  3x3  main  peaks  of  the  equal  intensity  in  the 
zone  I.‘°  The  other  specific  distribution  of  the  laser  intensity  is  in  the  zone  II,  i.e.  the  focal  region  of  the  raster’s  small  lenses. 
Unlike  the  zone  1,  the  envelope  of  small  focal  peaks  in  the  zone  II  is  proportional  to  the  laser  intensity  incident  on  the  raster. 


The  steady-state  linear  SBS  calculations'®  have  shown  that  the  distribution  of  Stokes  intensity  in  the  pinhole  plane  consists 
of  a  discrete  set  of  peaks  or  diffiaction  orders  that  is  consistent  with  the  experiments.^’®.  The  angular  separation  between 
them  equals  like  that  in  the  laser  pattern  in  the  zone  I.  A  perfect  PC  requires  only  the  central  Stokes  order  of  diffraction 
conjugated  to  the  laser  beam.  Angular  selection  in  the  pinhole  plane  removes  the  non-zero  orders  of  diffraction,  thereby  in¬ 
creasing  the  PC  fidelity.  A  novel  encouraging  effect  of  extremely  low  noising  of  the  Stokes  field  was  found.'®  Its  essence  is 
in  the  fact  that  the  angular  selection  of  central  Stokes  mode  allows  achieving  a  nearly  perfect  PC.  For  this  purpose  the  input 
window  of  the  SBS-cell  should  be  placed  in  a  certain  region  between  the  zone  I  and  zone  II,  where  the  quasi-lightguide  mo¬ 
saic  zones  with  the  periodical  distribution  of  the  laser  intensity  are  formed.  If  the  arrangement  of  PC-mirror  is  optimal,  the 
PC  coefficient  is  more  than  90-95%  whereas  the  PC  coefficient  before  the  selection  does  not  exceed  the  value  of  30%.  To 
increase  the  selector  transmission  coefficient,  the  SBS-cell  should  be  moved  towards  the  main  focusing  lens  so  that  the  zone 

II  would  be  put  within  the  SBS-cell.  However,  this  increase  of 


Fig.4.  Schematic  of  the  SBS-mirror  with  the  raster  of 
small  lenses. 


selection  coefficient  is  accompanied  by  a  noticeable  decrease 
of  PC  fidelity  after  the  selection. 

To  explore  an  effect  of  SBS  saturation  on  the  performance  of 
the  aforesaid  SBS-mirror,  we  carry  out  the  calculations  in  the 
2D  approximation  that  reduces  the  calculation  time  considera¬ 
bly.  As  it  has  been  shown  earlier,'®  the  2D  approximation  de¬ 
scribes  all  the  principal  features  of  working  the  SBS-mirror 
considered.  In  this  case  the  PC  and  selection  coefficients  for  the 
3D  medium  are  close  to  the  squared  corresponding  values  ob¬ 
tained  in  the  2D  approximation.  We  use  the  Gaussian  laser  in¬ 
tensity  distribution  at  a=0.4  cm.  In  the  experiments  one  regis¬ 
ters,  as  a  rule,  not  instantaneous  but  temporally  integrated  data. 
For  modeling  the  actual  experimental  situations  it  is  needed  to 
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take  into  account  a  concrete  temporal  profile  of  the  laser  power  and  a  non-steady-state  effect.  Calculations  are  conducted  at 
the  Gaussian  temporal  profile  of  laser  power  is  taken.  The  profile  width  is  about  4t,  and  the  non-steady-state  effects  being 
showing  themselves.  The  calculations  with  the  same  laser  intensity  but  with  the  different  realizations  of  the  hyper-sound 
noise  are  analogous  to  a  series  of  flashes  of  a  pulsed  laser  in  the  experiment.  The  calculations  are  conducted  at  F=100  cm, 
Osei-Od!'^,  Lo=\  cm  and  two  distances  ij.  At  T,=l  cm,  when  the  both  zones  I  and  II  are  within  the  SBS-cell,  the  SBS-cell 
length  is  1=200  cm.  At  Z,i=68  cm,  when  the  only  zone  I  is  within  the  SBS-cell,  the  SBS-cell  is  shorter,  1=132  cm.  In  the  cal¬ 
culations  the  axial  laser  intensity  P  varies.  The  typical  instantaneous  distributions  of  the  laser  and  Stokes  density  flux 

in  the  longitudinal  section  of  the  SBS-cell  are  shown  in  Fig.5  for  Z,,=l  cm  h  68  cm.  The  quasi-lightguide  zones,  which  are 
formed  in  the  place  of  intersection  of  the  neighboring  laser  beamlets  existing  in  the  zone  I,  are  distinctly  seen.  At  Z,i=68  cm 
the  region  of  the  quasi-lightguide  zones  is  situated  in  the  vicinity  of  the  input  window  of  SBS-cell  (see  Fig.5(b)),  ensuring  m 
optimal  SBS-mirror  arrangement  in  terms  of  achieving  the  highest  PC  fidelity  under  the  linear  steady-state  SBS  conditions. 
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Fig.5.  Longitudinal  distributions  of  laser  density  flux  Jjr  in  the  SBS-cell  obtained  for  (a)  L-200  cm,  Z-i-l  cm  and  (b)  L  132  cm, 

Z.,=68  cm. 


The  typical  dynamics  of  the  laser  power  at  the  input  and  output  of  SBS-cell  and  the  Stokes  power  at  the  input  of  SBS-cell  is 
shown  in  Fig.6.  Fig.7  illustrates  the  dynamics  of  the  PC  coefficient  at  the  input  of  SBS-cell  h  and  after  the  angular  selection 
A„i  as  well  as  the  selection  coefficient  Asei  (i  e.  the  Stokes  energy  fi-action  passed  through  the  pinhole). 


put  ( — )  and  Stokes  power  at  the  input  (•— )  of  the  SBS-cell 
at  Z,i=l  cm,  y/,o=24  a.u. 


f/r 


Fig.7.  The  dynamics  of  the  PC  coefficient  at  the  SBS-cell  input 

h  ( — )  and  after  the  angular  selection  Asd  ( - )  and  the  selection 

coefficient  (■  •)  f-i"!  cm,  Jlo=2^  a.u. 


Fig.8  gives  the  numerical  dependence  of  the  reflection  coefficient  from  the  SBS-mirror  R  (i.e.  the  ratio  of  the  Stokes  energy 
to  the  incident  laser  energy),  the  selection  coefficient  and  the  PC  coefficient  after  selection  on  the  maximal  axial  laser 
intensity  J,o  for  the  both  arrangements  of  the  SBS-mirror.  For  the  PC  coefficient  at  the  SBS-cell  input  (unselected)  the  rela¬ 
tionship  /i==/isd^ei  is  fulfilled.  Here  are  given  the  and  values,  which  have  been  averaged  over  the  pulse  (i.e.  the  values 
time-integrated  with  a  weight  of  the  output  Stokes  power  and  divided  by  the  Stokes  energy).  The  R  fluctuations  are  rather 
small  under  the  both  arrangements  of  SBS-mirror.  At  Z,,=l  cm  the  SBS  threshold  is  less  than  that  is  at  L,=68  cm  due  to  the 
longer  SBS-cell  length  and  the  additional  presence  of  bright  zone  II  within  the  SBS-cell. 
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At  Lx=\  cm  near  the  SBS  threshold  the  PC  quality  is  low  but  the  selection  losses  are  less  than  at  ii=68  cm.  With  increasing 
the  reflection  coefficient,  the  both  /isd  and  k^x  rise,  nevertheless  the  PC  quality  is  far  from  an  ideal.  The  value  h^x  is  less  than 
90%  at  R=60%.  The  cause  of  spread  in  of /isd  and  k^cx  consists  in  the  fluctuations  of  their  instantaneous  values  within  an  ini¬ 
tial  stage  of  the  Stokes  beam  amplification  (although  their  maximal  asymptotic  values  in  the  different  trials  are  much  more 
close  each  other). 


At  ii=68  cm,  Asei  is  more  than  90%  near  the  SBS  threshold  that  has  been  the  most  substantial  result  of  the  steady-state  linear 
SBS  calculations.’®  It  is  extremely  important  that  the  effect  of  SBS  saturation  does  not  deteriorate  this  result,  moreover,  with 
increasing  the  laser  power  the  PC  quality  rises  yet  more  approaching  to  the  ideal.  The  fluctuations  of  PC  coefficient  are  very 
small.  But  there  is  a  considerable  spread  in  the  k^tx  value  that  is  explained  as  follows.  The  PC  coefficient  is  near  to  the  ideal 
in  any  quasi-lightguide  zone.'®  As  it  is  seen  from  Fig.5,  each  quasi-lightguide  zone  is  formed  by  two  neighboring  laser  beam- 
lets  existing  in  zone  I.  In  each  laser  beamlet  in  the  zone  I  the  Stokes  radiation  is  amplified  practically  independently,  there¬ 
fore  the  Stokes  fields  in  the  quasi-lightguide  zones  are  not  phased.  In  other  words,  there  is  no  complete  diffraction  mixing  of 
the  Stokes  radiation  in  the  transverse  section  of  the  beam.  Contra,  at  ii=l  cm  the  output  Stokes  radiation,  passed  from  the 
far  field  to  the  near  one  in  the  medium  with  considerable  gain,  is  transversely  coherentized  that  leads  to  less  spread  in  value 
of 


Fig.8.  Numerical  dependence  of  the  reflection  coefficient  R  (■),  the  time-integrated  PC  coefficient  after  selection  (o)  and  the  time- 
integrated  selection  coefficient  (A)  on  the  laser  intensity  at  Z,|=l  cm  (a)  and  68  cm  (b). 


In  Fig.9  we  compare  the  results  shown  in  Fig.8(b)  at  Ii=68  cm  with  those  obtained  with  no  raster  in  the  SBS-mirror  scheme.  It  is  seen 
from  Fig.9(a)  that  presence  of  the  raster  increases  the  SBS  threshold  but,  as  it  follows  from  Fig. 9(b),  considerably  improves  PC  quality.  In 
the  absence  of  the  raster  the  PC  fidelity  is  poor  at  small  reflection  coefficients  (see  Fig.l  also).  PC  coefficient  increases  with  laser  inten¬ 
sity  increasing  when  reflection  coefficient  rises  but  its  values  are  lower  than  those  in  the  raster  case.  In  addition,  in  the  absence  of  the 
raster  the  large  reflection  coefficients  are  connected  with  considerable  light  loads  resulting  in  the  growth  of  parasitic  non-linear 
processes  in  the  SBS-medium.  Note  that  enhancement  of  PC  coefficient  from  0.9  to  0.95  is  very  important  (for  example,  six-fold 
differences  in  the  reflected  intensity  pattern  can  be  observed  at  PC  coefficient  0.85).^  This  means  the  obtaining  of  the  super- 
high  PC  fidelity.  We  believe  that  in  the  case  of  distorted  laser  beam,  an  advantage  of  SBS-mirror  with  the  raster  will  show 
itself  still  more  appreciably.  This  question  will  be  considered  in  the  near  future. 


Fig.9.  Numerical  dependence  of  the  time-integrated  PC  coefficient  after  selection  h^cx  (a)  and  the  reflection  coefficient  R  (b)  with  (solid) 

and  with  no  (open)  raster  in  the  SBS-mirror  scheme  at  Z,i=68  cm. 
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For  the  purpose  of  increasing  and  stabilizing  at  keeping  the  high  PC  quality  we  propose  to  modify  the  SBS-mirror  con¬ 
figuration.  As  it  follows  from  Fig.8,  we  must  fulfil  two  conditions.  First,  the  input  window  of  the  SBS-cell  should  be  set  in 
the  field  of  quasi-waveguide  zones  for  achieving  the  high  PC  quality.  Second,  the  zones  I  and  II  should  be  within  the  SBS- 
cell  for  reaching  more  high  and  stable  values  of  Ajd.  Both  the  conditions  can  be  satisfied  at  placing  the  zone  II  in  the  SBS- 
cell  behind  the  zone  I.  In  order  to  realize  this,  we  move  the  raster  away  the  main  lens  so  that  Lq  exceeds  the  distance  (F+J) 
(see  Fig.  10). 


Fig.lO.  Modified  scheme  of  SBS-mirror  with  the  raster. 


In  this  case  the  zone  II  is  outside  of  the  SBS-cell  but  its  image,  which  is  F[\+F/(Lo-f-f)]  distant  from  the  main  lens,  can  fall 
within  the  SBS-cell  behind  the  zone  I.  In  the  calculations  we  put  Z,o=241  cm,  Z,i=l  cm,  therefore  the  zone  I  and  the  image  of 
zone  II  are  at  the  distance  of  100  h  180  cm,  respectively,  from  the  main  length,  and  at  L=200  cm  they  being  within  the  SBS- 
cell.  The  distribution  of  the  laser  density  flux  in  the  longitudinal  section  of  the  SBS-cell  for  the  zone  I+zone  II  arrangement 
within  the  SBS-cell  are  shown  in  Fig.l  1.  As  the  calculations  show  (see  Fig.  12),  such  the  SBS-mirror  arrangement  allows  to 
ensure  the  excellent  PC  quality  and  to  increase  the  selection  level  and  stability. 
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Fig.l  1,  The  longitudinal  distributions  of  laser  radiation  density 
fluxJz,  in  the  SBS-cell  at  //r=l  obtained  for  1=200  cm, 
Z,o=241  cm,  Z-i=0. 


Fig.l2.  Numerical  dependence  of  the  reflection  coefficient  R  (v), 
the  time-integrated  PC  coefficient  after  selection  hsc\  (0)  and  the 
time-integrated  selection  coefficient  ^sei  i^)  on  the  laser  intensity 
for  L=200  cm,  Lo=^24\  cm,  Z,i=0. 


5.  EXPERIMENTAL  RESULTS  AND  COMPARISON  WITH  CALCULATIONS 

To  carry  out  experiments  on  exciting  SBS  in  gaseous  mixtures,  special  gas-filled  cells  have  been  manufactured.  Design  phi¬ 
losophy  and  technology  of  the  cell  manufacture  permit  to  keep  the  initial  purity  of  the  gas  introduced  into  the  cell.  For  this 
purpose,  mechanical  and  electrical  polishing  is  used,  which  permits  to  obtain  a  high  degree  of  finish  of  the  inner  walls  and 
separate  parts  of  the  cell  (surface  roughness  <  0.32  pm).  Separate  parts  in  the  cell  are  joined  by  of  copper  and  indium  gas¬ 
kets;  welding  works  are  carried  out  by  means  of  electron  beam  welding. 

The  PC  fidelity  is  significantly  affected  by  competitive  with  SBS  non  linear  optical  processes,  in  particular  heating  and  opti¬ 
cal  breakdown  of  SBS-medium.  Since  both  these  processes  are  considerably  determined  by  the  degree  of  the  impurities  re¬ 
moval  from  the  gas,  a  special  system  for  gas  cleaning  from  dispersed  micro-impurities  and  filling  it  into  the  cell  has  been 
manufactured.  The  main  part  of  this  system  is  a  filtering  system  designed  for  the  treatment  of  working  gas  (xenon).  The 
treatment  system  enables  not  only  remove  solid  impurities  from  gases,  but  filling  in  SBS-cells  with  gaseous  mixtures  with  a 
component  content  at  given  partial  pressures.  Two  stages  of  gas  cleaning  are  used  in  the  system.  The  first  is  located  directly 
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after  the  gas  cylinders,  and  the  second  is  located  in  front  of  the  cell.  The  second  stage  of  treatment  is  equipped  with  special 
fine  filters.  As  a  filtering  element  in  the  fine  filter  nickel  powder  of  the  given  particle  size  is  used.  Depending  on  the  pore 
size  of  the  filtering  element  specific  degree  of  gas  cleaning  can  be  attained.  Filters  of  the  system  developed  allow  to  clean 
gases  from  particles  with  the  size  of  more  than  0.1  pm  with  the  etficiency  of -99.9999%.  In  order  not  to  pollute  filter  during 
the  evacuation,  the  latter  and  filling  in  SBS-cell  are  carried  out  by  different  routes. 

We  have  carried  out  the  detailed  experimental  verification  of  the  numerical  results.  The  schematic  of  experimental  setup  is 
shown  in  Fig.  13.  The  Nd  laser  consists  of  master  oscillator  and  two  amplifiers.  At  the  output  of  the  second  amplifier  a  prac¬ 
tically  diffraction-limited  laser  beam  is  formed  with  A=1.06  pm,  energy  1 .5  J  and  pulse  duration  25  ns.  The  laser  radiation  is 
sent  to  a  KD*P  crystal  where  its  frequency  is  doubled.  Energy  of  the  second  harmonic  radiation  is  <300  mJ,  the  pulse  dura¬ 
tion  is  25  ns,  the  divergence  is  310'^rad.  On  going  to  the  second  harmonic,  the  laser  setup  is  isolated  from  the  back- 
scattered  SBS  component.  SBS  is  excited  in  the  regime  very  near  to  the  steady-state  in  a  superclean  cell  filled  with  a  mixture 
of  SFe  and  Xe.  The  SFs  partial  pressure  is  1 .5  atm  and  the  total  mixture  pressure  is  28  atm.  The  SBS  gain  coefficient  in  such 
a  medium  is  g=0.023  cm/MW,  the  hypersound  relaxation  time  is  z»5  ns.  Gas  filling  into  the  SBS  cell  is  realized  through  the 
aforesaid  special  system  containing  a  filter  for  purifying  gases  from  dispersion  micro-impurities  and  aerosol  particles  with  a 
diameter  that  is  not  less  than  0.1  pm.  In  the  experiments  we  use  an  eight-level  kinoform  raster  of  closely  packed  diffraction 
Fresnel  lenses  with  the  diffraction  efficiency  of  95%.  The  size  of  a  separate  lens  d=0.5  mm  and  focal  length /=6  cm  so  that 
NF=cfl(2^=3.93.  A  photographic  image  of  the  raster  fragment  is  shown  in  Fig.l4. 

2 

I - - 1 


Fig.l3.  Schematic  of  the  experimental  setup: 

(1)  master  oscillator;  (2)  matching  telescopes;  (3)  dielectric  mirrors;  (4)  turning  prisms;  (5)  pinhole;  (6)  glass  plates;  (7)  am¬ 
plifiers;  (8)  focusing  lenses;  (9)  dispersion  prism;  (10)  glass  wedges;  (1 1-13,  20)  calorimeters;  (14)  CCD  camera;  (15)  SBS 
cell;  (16)  pyrocalorimeter;  (17)  measuring  lens;  (18)  measuring  diaphragm;  (19,  21)  coaxial  photodetectors  (CPDs);  (LI  and 

L2)  lenses  focusing  the  pump  radiation  into  the  cell. 
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fragment  of  the  kinoform  raster. 


In  experiments  a  version  of  the  focusing  scheme  shown  in  Fig.  1 5  is  used.  In  such  a  scheme  all  characteristic  zones  of  the  la¬ 
ser  beam  may  be  located  in  the  cell.  According  to  the  beam  path  these  zones  are  located  as  follows:  the  zone  II  and  the  zone 
I.  This  location  of  zones  is  achieved  by  the  following  way:  after  the  raster  a  two-lens-system  consisting  of  lenses  LI  and  L2 
is  placed  (see  Fig.  15).  The  lens  foci  plane  forming  the  raster  is  placed  at  a  front  focal  plane  of  lens  LI.  Their  image  is  trans¬ 
ferred  to  the  focal  plane  of  lens  L2.  The  zone  I  is  formed  at  an  equivalent  focus  of  the  two-lens  system  and  located  at  a  dis¬ 
tance  of  17.8  cm  from  the  zone  II.  The  beam  diameter  on  the  raster  is  0.8  cm.  By  changing  distance  I,  between  lens  L2  and 
the  input  window  of  the  SBS  ceil,  it  is  possible  to  realize  various  regimes  of  exciting  SBS.  In  Fig.  16  are  shown  the  distribu¬ 
tions  of  laser  energy  in  zones  I  and  II,  which  are  in  good  agreement  with  the  results  of  calculations.’® 


Fig.l6.  Experimental  distributions  of  laser  intensity  in  zone  II  (left)  and  zone  I  (right). 

The  process  of  forming  a  conjugated  Stokes  wave  in  the  scheme  with  the  kinoform  raster  inserted  may  be  represented  as 
consisting  of  two  phases.  During  the  first  phase  in  the  zone  I  independent  of  each  other  there  occurs  generation  of  Stokes  ra¬ 
diation  at  various  orders  of  diffraction.  In  the  zone  of  total  waist  and  in  the  zone  II  (imaging  foci  of  separate  lenses  of  the 
raster)  there  occurs  coherentization  of  radiation  of  separate  beams  and  prevailing  amplification  (separation)  of  the  conju¬ 
gated  Stokes  component. 

In  experiments  measurements  are  made  of  the  reflection  and  selection  coefficients  and  threshold  energy  of  SBS  excitation. 
The  reflection  coefficient  was  determined  as  the  ratio  of  Stokes  radiation  total  energy  {Es)  to  the  laser  pump  energy 

(£/,).  The  laser  and  Stokes  energy  are  measured  by  calorimeters  12  and  13,  respectively.  Selection  coefficient  (portion  of  the 
selected  Stokes  energy)  is  measured  by  pyrodetector  16,  located  after  diaphragm  18  residing  at  focus  of  lens  17  and  selecting 
this  portion  of  energy  from  the  scattered  Stokes  energy.  The  directivity  diagram  of  Stokes  beam  reflected  out  of  the  SBS  cell 
and  passed  through  the  raster  in  a  general  case  consists  of  a  discrete  set  of  maxima  in  agreement  with  the  theory  prediction. 
During  this  the  conjugated  component  of  scattered  radiation  passing  through  the  raster  restores  its  phase  front  and  forms  the 
central  maximum  transmitted  by  diaphragm  18. 

Two  configurations  of  SBS-mirror  have  been  considered.  In  the  first,  the  value  Li  equals  about  10  cm,  i.e.  in  the  SBS-cell 
the  both  bright  zones  are  situated  in  the  sequence  II+I  as  in  Fig.5(a).  In  the  second,  the  value  I,  equals  about  40  cm,  i.e.  in 
the  SBS-cell  the  only  zone  I  is  situated  so  that  the  region  of  quazi-lightguide  zones  is  close  to  input  window  of  SBS-cell  (see 
Fig.5(b)).  Experimental  dependencies  of  reflection  coefficient  R  in  both  configurations  of  SBS-mirror  are  shown  in  Fig.  17. 
They  are  in  full  agreement  with  the  results  of  calculations.  Experimental  SBS  threshold  is  £*=0.08  J. 
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Fig.  17.  The  dependence  of  the  reflection  coefficient  R  in  experiment  (•)  and  calculations  (O)  on  the  laser  energy  at  the  arrangement  of 

the  zone  Il+zone  I  (a)  and  the  zone  I  (b)  within  the  SBS-cell.  £th^-08  J. 

Fig.  18  gives  the  experimental  and  numerical  dependencies  of  the  time-integrated  selection  coefficient  on  the  laser  energy 
Ei  for  two  arrangements  of  the  SBS-mirror.  In  the  case  when  only  zone  I  is  put  into  the  SBS-cell,  but  zone  II  is  out  of  SBS- 
cell  (see  Fig.l8(b)),  the  great  spread  of  selection  coefficient  (0.16<A;„/<0.49)  takes  place  with  rms  deviation  0.035.  Its  mean 
value  is  relatively  small  (A„r0-3).  Putting  into  SBS-cell  of  zone  11  leads  to  a  significant  increase  of  selection  coefficient 
(kserO-7)  and  to  a  decrease  of  spread  in  its  value  (Fig.  18(a)).  The  mean  value  k^ei  increases  up  to  0.69,  rms  deviation  of  value 
ksei  decreases  to  0.025.  It  is  important  that  results  of  calculations  are  in  excellent  quantitative  agreement  with  the  experimen¬ 
tal  data  as  regards  to  the  mean  value  of  ks^i  as  well  as  its  spread. 


Fig.  18.  The  dependence  of  the  time-integrated  selection  coefficient  in  experiment  (A)  and  calculations  (A)  on  the  laser  energy  at  the 
arrangement  of  the  zone  Il+zone  I  (a)  and  the  zone  I  (b)  within  the  SBS-cell. 

It  is  impossible  to  conduct  the  comparison  of  calculations  with  experiment  on  parameter  h^ei  in  view  of  impossibility  of  its 
direct  measurement.  There  has  been  conducted  the  detailed  measurement  and  comparison  of  laser  and  Stokes  energy  distri¬ 
butions  in  front  of  the  raster,  i.e.  in  near  field  (see  Fig.4).  In  Fig.  19  are  shown  the  experimental  dependencies  of  energy  part 
in  the  circle  of  radius  r  for  laser  and  Stokes  beams  at  both  configurations  of  SBS-mirror.  Under  processing  CCD-camera  im¬ 
ages  the  optical  axis  (r=0)  is  referred  to  “center  of  gravity”  of  the  beam.  At  each  SBS-mirror  geometry  5-10  experimental 
curves  are  presented  for  laser  and  Stokes  signals,  from  which  conclusions  can  be  done  about  the  spread  of  experimental  data 
from  flash  to  flash.  Reflection  coefficient  in  these  experiments  is  in  the  interval  from  5  to  38%.  The  distribution  of  laser  en¬ 
ergy  weakly  fluctuates  from  flash  to  flash  whereas  the  distribution  of  Stokes  energy  is  characterized  by  greater  spread.  It  is 
seen  that  the  configuration  with  zones  II  and  I  in  the  SBS-cell  results  in  narrower  distribution  of  Stokes  energy  in  near  field 
(see  Fig.  18(a))  that  is  intrinsic  for  PC,  which  is  far  from  the  ideal. At  SBS-mirror  configuration  with  the  only  zone  I  in  the 
SBS-cell,  a  close  agreement  of  laser  and  Stokes  energy  distributions  takes  place  (see  Fig.  19(b)).  It  conforms  to  calculations 
of  PC  coefficient,  results  of  which  are  shown  in  Fig.20.  In  Fig.21  we  demonstrate  the  examples  of  transverse  laser  and 
Stokes  energy  distributions  registered  by  CCD-camera  in  near  field  under  both  SBS-mirror  configurations.  They  illustrate 
the  superhigh  PC  quality  at  the  SBS-mirror  arrangement  with  the  only  zone  I  in  the  SBS-cell. 
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Fig.l9.  Experimental  dependence  of  energy  fraction  in  the  circle  of  radius  r  in  the  near  field  for  laser  (dotted  curves)  and  Stokes  (solid 
curves)  beam  under  the  configuration  “zone  Il+zone  I”  (a)  and  “zone  I”  (b)  in  the  SBS-cell. 


Fig.20.  Numerical  dependence  of  the  time-integrated  PC  coefficient  after  selection  on  the  laser  energy  at  the  arrangement  of  the  zone 

Il+zone  I  (•)  and  the  zone  I  (O)  within  the  SBS-cell. 


Fig.21  Intensity  pattern  of  laser  (a)  and  Stokes  radiation  under  the  configuration  “zone  II+soHa  I”  (b)  and  “zone  I”  (c)  in  the  SBS-cell. 

It  should  be  noted  that  the  purity  extent  of  SBS-medium  has  greatly  affected  the  PC  quality.  In  the  experiments  that  have 
been  conducted  under  quite  identical  conditions  but  using  the  gas  mixture,  which  has  not  subjected  to  special  cleaning,  the 
trend  of  behavior  of /t,,/  is  radically  different  from  that  shown  in  Fig.  18,  namely,  as  zone  II  begins  to  be  placed  into  SBS-cell 
then  ksd  decreases.  The  possible  cause  of  this  can  be  an  influence  of  parasitic  nonlinear  effects  dealt  with  medium  heating, 
which  shows  itself  the  more  considerable,  the  more  bright  zones  are  within  the  SBS-cell. 
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6.  CONCLUSIONS 


With  the  help  of  the  most  complete  in  literature  physical  model  and  computer  code  of  the  non-steady-state  SBS,  the  3D  cal¬ 
culations  have  been  carried  out  of  the  PC  of  a  Gaussian  beam  of  the  long  duration  in  the  simplest  SBS-mirror  including  the 
focusing  lens  and  the  SBS-cell.  The  dependencies  of  the  reflection  coefficient  from  the  SBS-mirror  and  the  PC  fidelity  on 
the  laser  intensity  have  been  obtained.  The  improvement  of  PC  quality  takes  place  with  rising  the  reflection  coefficient.  It 
has  been  found  Aat  the  PC  quality  vwth  the  PC  coefficient  that  is  more  than  90%,  i.e.  that  is  near  to  the  ideal,  can  be  ob¬ 
tained  at  the  reflection  coefficient  that  is  more  than  80%.  This  is  usually  intractable  in  the  experiments  due  to  growing  the 
competitive  nonlinear  processes  in  the  SBS-medium  under  the  high  laser  powers. 

The  PC  has  been  studied  of  the  Gaussian  focusing  laser  beam  with  the  pulse  duration  about  4t,  where  ris  the  hyper-sound 
relaxation  time,  in  the  SBS-mirror  that  includes  additionally  the  ordered  raster  of  small  lenses  and  the  angular  selector  of 
Stokes  radiation.  The  raster  allows  to  perform  the  effective  angular  filtration  of  non-conjugated  Stokes  component,  to  reduce 
the  local  light  loads  in  the  SBS-medium  and  to  avoid  the  influence  of  undesirable  nonlinear  effects.  Unlike  the  random  phase 
plate,  in  the  case  of  using  the  raster  there  are  more  possibilities  to  controllably  change  its  characteristics.  This  allows  to  ex¬ 
pand  the  spectrum  of  conditions  of  focusing  the  laser  beam  into  the  SBS-cell  and  to  determine  the  most  optimal  ones.  As  a 
result  of  the  calculations,  an  optimal  arrangement  of  the  SBS-mirror  has  been  found  with  the  unique  properties.  It  gives  the 
superhigh  PC  fidelity  with  PC  coefficient  that  is  more  than  90-95%  at  the  selection  coefficient  50-70%  and  any  laser  power 
(beginning  from  the  threshold  one),  i.e.  at  any  reflection  coefficient.  The  experimental  data  obtained  at  the  Nd  laser  facility 
have  shown  the  validity  of  the  simulation  results.  Measured  reflection  and  selection  coefficients  and  SBS  threshold  energy 
are  in  an  excellent  agreement  with  calculations.  Measured  near-field  laser  and  Stokes  energy  distribution  are  very  close  to 
each  other  in  the  case  when  calculations  give  near-to-ideal  PC  fidelity.  The  developed  conception  of  SBS-mirror  with  the 
unique  properties  after  the  complete  experimental  verification  can  be  applied  for  the  improvement  of  wide  class  of  industrial 
lasers. 
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ABSTRACT 

The  powerfiil  neodymium  lasers  with  the  self-phase-conjugation  (SPC)  and  passive  Q-swither  are  submitted.  It  is  shown, 
that  the  application  of  a  LiF;F2'  crystal  as  Q-swither  and  SPC-mirror  simultaneously,  and  also  a  Sagnac  interferometer  as 
end  reflector  of  the  cavity  allows  to  increase  efficiency  and  quality  SPC-radiation.  High  power  and  spatial  laser 
characteristics  are  obtained:  NdrYAG  laser  -  114  W  average  power  at  0.5  mrad  beam  divergence;  Nd:YAP  laser  -  51  W 
average  power  at  1 .2  mrad  beam  divergence;  Nd:Gtass  laser  -  1 8  J  in  pulse  train  at  1  mrad  beam  divergence. 

Keywords:  self-phase-conjugation,  holographic  gratings,  adaptive  cavity,  passive  Q-switcher. 


1.  INTRODUCTION 

Low-threshould  self-phase-conjugation  (SPC)  in  loop  laser  cavity  based  on  four  wave  mixing  of  intersecting  beams  in 
resonant  absorber  and  also  in  active  laser  medium  is  very  interesting  and  promising  field  in  laser  physics.  It  allows 
decreasing  thermal  beam  distortions  and  obtaining  single-mode  radiation  of  SPC-lasers  under  high  power  flashlamp 
pumping.  However,  a  big  number  of  such  lasers  has  unsufficiently  high  power  characteristics  for  its  application  in  material 
processing.  SPC-multiloop  Nd:YAG  laser  system  with  high  power  and  spatial  characteristics  was  developed  earlier  and  was 
applied  for  effective  hole  drilling.’  The  results  have  shown  that  this  laser  is  more  acceptable  than  traditional  linear 
technological  lasers. 

In  the  present  paper  we  investigate  multiloop  laser  schemes  with  different  active  media  NdiYAG,  Nd:YAP  and  NdiGlass, 
what  are  perspective  for  application. 

2.  SINGLE-MODE  Nd-CRYSTAL  LASERS  WITH  SELF-PHASE-CONJUGATION 


The  optical  scheme  of  the  laser  is  presented  in  Fig.  1.  The  laser  consists  of  three  active  rods  (1,2,  and  3)  by  6.3  mm  dia  and 
100  mm  long,  passive  LiF:F2“  Q-switcher  (4),  four  100  %  reflective  mirrors  (5-10),  a  high  selective  rear  reflector  based  on 
a  Sagnac  interferometer  (SI)  formed  by  beam  splitter  (11)  and  two  100  %  reflective  mirrors  (12  and  13),  and  IJ2  plate  (14) 
inside  SI.  The  optical  pumping  was  realized  by  DNP-6/90  krypton  flashlamps,  which  were  connected  to  a  power  supply  of 
13  GDN  type,  which  done  to  change  the  pulse  repetition  rate  from  1  up  to  30  Hz.  The  pump  pulse  duration  was  200  ps. 

Laser  generation  starts  from  the  spontaneous  noise  amplified  in  active  rods  (1-3),  reflected  by  the  rear  reflector  ensuring  the 
initial  spatial-angular  beam  selection.  As  the  generation  develops,  pairs  of  the  crossed  intracavity  beams  write  dynamic 
holographic  gratings  inside  the  active  rods,  forming  reciprocal  feedback  and  a  self-adjusted  adaptive  loop  laser  cavity  On 
the  gratings  formed  in  active  rods  (AR)  and  passive  Q-switcher  (PQS),  the  radiation  field  redistribution  and  the  lowest 
order  TEMoo  mode  self-phase-conjugation  occur,  which  improves  spectral,  spatial  and  power  characteristics  of  output 
radiation.  The  IJl  plate  provides  polarization  bypass  of  the  collision  waves  in  the  AR  and  PQS.  It  results  in  more  favorable 
redistribution  of  contributions  of  various  holographic  gratings  to  the  laser  field  forming  in  the  cavity,  practically  excludes 
formation  of  standing  waves  and  prevents  spatial  hole  burning  of  the  inversion. 

For  high  effective  passive  Q-switching  *  of  Nd:YAG  laser,  we  used  a  LiF:F2‘  crystal  with  initial  transmittance  of  58  %  and 
placed  it  in  the  beam  intersection  point.  It  allows  us  to  realize  Q-switching  regime  with  repetitive  trains  about  of  equidistant 
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Nd:YAG 

Fig.  1.  Optical  scheme  of  the  Nd:YAG  laser  with  self-^hase-conjugation;  1-3  -Nd:YAG  laser  crystals;  4  passive  LiF:F2 
Q-switcher;  5-10  -  laser  cavity  mirrors;  1 1  -  beam  splitter;  12, 13  -  Sagnac  interferometer  mirrors;  14  -  half-wave  plate 


giant  pulses.  The  duration  of  giant  pulses,  defined  by  initial  PQS  transmittance,  was  50  ns  and  within  a  measurement  error 
didn't  depend  on  the  energy  of  pump  pulses.  All  giant  laser  pulses  recorded  with  the  help  of  an  avalanche  photodiode  LFD- 
2A  and  a  high-speed  oscilloscope  Cl-75  had  a  smooth  temporal  profile,  that  testifies  to  the  single-mode  character  of  output 
radiation®’'". 

Fig.  2  shows  output  power  (a,  b)  and  temporal  (c)  characteristics  of  Nd:YAG  laser  radiation  versus  total  pulse  energy  at  the 
fixed  repetition  rate  of  30  Hz.  As  one  can  see,  overall  efficiency  of  generation,  the  repetition  rate  of  generation  pulses  in  the 
train,  number  of  pulses  in  the  train,  individual  pulse  energy  and  its  peak  power  increases  with  the  pump  pulse  -energy 
growing.  At  the  maximum  pump  pulse  energy  of  63.5  J  for  each  pump  cavity,  the  individual  output  pulse  energy  and  peak 
power  were  345  mJ  and  7  MW  accordingly;  overall  efficiency  achieved  2  %.  An  increase  of  the  individual  pulse  peak 
power  results  in  saturation  level  and  substraction  energy  increasing.  The  maximum  output  pulse  train  energy  was  as  high  as 
3.79  J  and  the  average  radiation  power  attained  1 14  W. 

The  output  laser  beam  divergence  slightly  increased  with  the  increase  of  pump  pulse  energy.  At  the  maximum  pump  pulse 
energy  (63.5  J  per  each  pump  cavity),  the  radiation  divergence  at  e~^  level  didn't  exceed  two  diffraction  limits  and  was 
0.5  mrad  (beam  quality  factor  M^=  1.33).  The  laser  radiation  coherence  length  determined  by  a  Michelson  interferometer 
was  more  than  15  m  (oscillation  spectrum  width  of  0.07  pm).  The  spatial  brightness  as  high  as  8.6-10'^  W/(cm^-sr)  was 
achieved. 

At  present  paper  we  additionally  investigated  the  similar  multiloop  Nd:YAP  laser  schemes  with  flashlamp  pumping  by  the 
same  power  supply  unit.  The  interest  to  this  active  medium  was  caused  by  its  higher  gain  saturation  in  comparison  with 
Nd:YAG.  Fact  that  the  thermo-physical  characteristics  of  Nd:YAP  is  poor  than  that  of  Nd:YAG,  usually  result  in  higher 
thermo-optical  wavefi-ont  phase  aberrations.  It  usually  complicates  realization  of  the  single-mode  radiation  with  large 
average  output  power  and  small  beam  divergence. 

In  the  beginning,  the  optical  scheme  with  two  Nd:YAP  rods  (6.3  mm  dia  and  100  mm  long),  and  58  %  PQS  (Fig.  1),  without 
AR3  and  A/2  plate  was  investigated.  In  this  case,  at  the  maximum  pump  energy  63.5  J  per  flashlamp  pump  cavity,  and 


Fig.  2.  Output  characteristics  of  investigated  Nd;YAG  laser  radiation  versus  pump  pulse  energy  on  each  pump  cavity  at 
30  Hz  repetition  rate:  1  -  free  running  mode  pulse  energy;  2  -  pulse  train  energy;  3  -  individual  pulse  peak  power; 
4  -  individual  pulse  energy;  5  -  repetition  rate  of  pulses  in  the  train;  6  -  number  of  pulses  in  the  train 
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30  Hz  repetition  rate  of  pump  pulses,  the  output  beam  divergence  at  the  e"^  level  was  1.5  mrad.  The  total  energy  of  30 
pulses  train  was  1 .6  J.  We  found  out,  that  to  obtain  the  single-mode  radiation  with  small  divergence  it  is  necessary  to  match 
the  thermolenses  and  in  such  a  way  to  form  the  telescopic  system.  The  best  output  parameters  were  received  when  the 
single-loop  scheme  was  realized  in  AR2  (Fig.  1)  and  AR  3  was  applied  as  the  single-pass  amplifier  (AR  1  was  removed 
from  cavity).  At  the  optimum  AR  3  position  (distance  between  two  AR  was  two  times  higher  than  focal  length  of  AR 
thermal  lens),  the  single-mode  radiation  with  1.2  mrad  beam  divergence  was  received.  The  1.7  J  train  of  output  radiation 
consists  of  14  pulses  with  an  individual  pulse  energy  of  120  mJ  and  peak  power  of  2.4  MW.  The  higher  power  and  spatial 
characteristics  of  output  radiation,  obtained  in  the  latter  case,  are  explained  by  the  best  compensation  of  thermal  aberrations 
in  AR,  and  also  more  optimum  positive  feedback  in  the  holographic  oscillator. 

Thus,  investigated  multiloop  Nd:YAG  laser  system  with  dynamic  cavity,  passive  LiF:F2"  Q-switch  and  self-phase- 
conjugation  has  allowed  to  receive  single-mode  laser  radiation  with  high  spatial  brightness  reached  10*'*  W/(cm  sr)  and 
radiation  divergence  close  to  diffraction  limit  for  output  energy  3.79  J  in  train  of  11  pulses  with  individual  pulse  energy 
345  mJ,  peak  power  7  MW,  average  power  114  W  and  overall  efficiency  2  %.  In  case  of  Nd:YAP  active  rods,  in  view  of 
poor  thermo-physical  properties  of  the  medium,  the  beam  quality  is  approximately  two  times  poor  than  for  Nd:YAG,  but 
the  power  characteristics  are  also  high. 

3.  SINGLE-MODE  NdrGLASS  LASER  WITH  SELF-PHASE-CONJUGATION 

The  interest  to  Nd:Glass  lasers  is  explained  by  possibility  to  get  a  laser  pulse  energy  much  more  than  from  lasers  on 
Ndxrystals  owing  to  large  volume  and  high  homogeneity  of  active  glass  medium.  This  advantage  is  successfully  used  for 
material  processing.  However,  wider  gain  width  of  Nd;Glass  than  that  for  Nd;crystals  results  in  essentially  multimode 
character  of  output  radiation. 

An  application  of  four-wave  mixing  for  SPC  in  active  Nd:Glass  and  passive  LiF:F2'  Q-switcher  medium  allowed  to  realize 
a  single-mode  radiation  with  spectrum  width  less  than  8-10  ^  cm  *  and  coherence  length  more  than  0.9  m.  The  optical 
scheme  of  the  multiloop  Nd:Glass  laser  based  on  the  laser  pump  system  of  type  “Kvant-16”  is  presented  in  Fig.  3.  The  laser 
cavity  consists  of  end  100  %  reflective  mirror  1,  output  coupling  53  %  reflective  mirror  2,  and  100  %  reflective  mirrors  3-5 
that  form  intracavity  loops.  In  crossing  points  of  loops  the  active  element  on  NdrGlass  of  GLS-6  type  by  size  012x260  mm 
and  PQS  7  by  size  8x18x65  mm  are  placed.  The  PQS  has  initial  transmittance  linearly  varying  from  60  to  90  %  along  the 
perpendicular  to  the  crystal  optical  axis. 

In  Fig.  4  the  power  and  temporal  characteristics  of  the  laser  radiation  versus  PQS  initial  transmittance  at  pump  pulse  energy 
1626  J,  duration  4  ms  and  repetition  rate  0.1  Hz  are  shown.  Energy  meter  of  IKT-IN  type  defined  the  laser  power 
characteristics.  The  maximum  of  pulse  train  energy  reaches  2.23  J.  Decrease  of  initial  PQS  transmittance  from  80  to  60  % 
results  in  increase  of  individual  pulse  energy  (curve  2)  and  peak  power  (curve  1),  and  also  pulse  repetition  period  in  train 
(curve  4).  Thus  the  complete  pulse  train  energy  (curve  3)  and  duration  of  each  pulse  (curve  5)  are  reduced.  Increasing  the 
power  characteristics  of  an  individual  pulse  is  explained  by  growth  of  radiation  losses  at  the  PQS  saturation.  It  results  in 
increase  of  threshold  population  inversion  of  AR  that  causes  increasing  the  peak  power  up  to  0.5  MW,  energy  up  to  127  mJ, 
and  decreasing  the  duration  of  individual  pulses  down  to  250  ns,  and  also  it  is  accompanied  by  increase  of  pulse  repetition 
period  in  train. 

In  Fig.  5  the  laser  output  radiation  characteristics  versus  pump  pulse  energy  at  the  PQS  initial  transmittance  of  60  %  are 
shown.  As  one  can  see,  the  pulse  repetition  period  in  train  (curve  4),  determined  by  time  of  achievement  of  threshold 
population  inversion,  is  reduced  at  an  increase  of  pump  pulse  energy.  It  results  in  increasing  the  number  of  pulses  in  train 
from  2  to  13  (curve  5)  and  the  individual  pulse  energy  (curve  3).  At  maximum  pump  pulse  energy  of  1626  J  the  radiation 


Fig.  3.  Optical  scheme  of  the  laser:  1  -  end  mirror;  2  -  output  coupling  mirror;  3-5  -  100  %  reflective  mirrors; 
6  -  active  Nd:Glass  element;  7  -  passive  LiF:F2‘  Q-switcher 
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Fig.  4.  Power  and  temporal  characteristics  of  the  laser  radiation  versus  initial  transmittance  of  the  LiF:F2  Q-switcher  at 
pump  pulse  energy  of  1626  J,  duration  of  4  ms  and  repetition  rate  of  0.1  Hz:  1  -  individual  pulse  peak  power;  2  - 
individual  pulse  energy;  3  -  pulse  train  energy;  4  -  individual  pulse  duration;  5  -  pulse  repetition  period  in  train 


pulse  train  energy  reaches  1,62  J.  Peculiarity  of  the  received  generation  regime  as  against  investigated  by  us  early  at 
continuous  and  repetitively  pulsed  pumping  is  the  fact  that  the  individual  pulse  peak  power  (curve  1)  and  energy 
(curve  2)  are  increased  only  in  narrow  interval  of  changing  the  pump  pulse  energy  from  810  to  1000  J.  This  growth  can  be 
caused  by  increasing  the  TEMoo  mode  volume  and  efficiency  of  holographic  gratings  recorded  both  inside  AR  and  LiF:F2' 
crystal.  At  further  increase  of  pump  energy  from  1000  to  1626  J  the  power  characteristics  of  an  individual  pulse  are 
practically  constant  (peak  power  of  520  kW  and  individual  pulse  energy  of  127  mJ)  that  testifies  to  maximum  use  of 
reserved  pump  energy  and  her  transformation  in  output  radiation  at  four-wave  mixing  in  AR  medium. 

However  as  one  see  the  generation  efficiency  was  low.  The  pulse  train  energy  of  Q-switched  radiation  was  1.62  J  at  purnp 
pulse  energy  of  1.6  kJ.  Thus,  in  order  to  achieve  maximum  energy  of  basic  waves  for  FWM  and  maximum  pulse  train 
energy  of  output  radiation  it  was  necessary  to  increase  the  output  coupler  reflection  from  0.30  to  0.53.  In  turn,  it  resulted  in 
amplification  of  feedback  in  the  static  plainly-parallel  resonator,  which  reduced  quality  of  basic  waves,  and  as  the 
consequence,  diffraction  efficiency  of  holographic  gratings  forming  the  dynamic  SPC-cavity,  and  became  the  reason  of 
restriction  of  generation  efficiency. 

In  order  to  essentially  increase  the  generation  efficiency  of  the  holographic  Nd:Glass  laser  we  applied  a  spatial-anguto 
selector  based  on  SI  together  with  additional  amplifying  pass.  The  optical  scheme  of  the  multiloop  Nd:Glass  laser  is 
presented  in  Fig.  6.  The  laser  cavity  consists  of  high  selective  rear  reflector  based  on  SI,  10  %  output  coupler  and  five 
100  %  reflective  mirrors,  which  form  the  intracavity  loops. 

Decreasing  the  output  coupler  reflection  from  0,30  to  0.10  reduced  negative  influence  of  the  stationary  cavity.  To  increase 


Fig.  5.  Power  and  temporal  characteristics  of  the  laser  radiation  versus  pump  pulse  energy  at  60  %  initial 
transmittance  of  the  LiF:F2"  Q-switcher,  pump  pulse  duration  of  4  ms  and  repetition  rate  of  0.1  Hz:  1  -  individual 
pulse  peak  power;  2  -  individual  pulse  energy;  3  -  pulse  train  energy;  4  -  pulse  repetition  period  in  train;  5  -  pulse 
number  in  train 
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Fig.  6.  Optical  scheme  of  the  Nd:Glass  laser  with  self-phase-conjugation:  1  -  Nd:Glass  laser  rod;  2  -  passive  LiF:F2 
Q-switcher;  3-7  -  laser  cavity  mirrors;  8  -  output  coupler;  9  and  10  -  Sagnac  interferometer  mirrors;  1 1  -  beam  splitter 

the  positive  feedback  ensuring  generation  of  conjugated  radiation  in  the  loop  SPC-cavity,  we  applied  an  additional 
amplification  in  the  same  AR  1 .  Highest  power  characteristics  of  the  Q-switched  radiation  were  received  in  a  case  of  using 
the  output  coupler  with  reflection  of  0.10.  Thus  in  free-running  mode,  the  energy  of  laser  radiation  was  20.5  J  at  the 
maximum  pump  energy  of  3.2  kJ.  Application  of  PQS  of  initial  transmittance  Tq  >  90  %  placed  in  intersection  of  intracavity 
beams  resulted  in  failure  of  generation.  The  generation  renewed  at  decreasing  To,  when  in  medium  of  the  LiF:F'2~  crystal  the 
additional  SPC-mirror  was  created  at  FWM.  Thus,  an  influence  of  the  stationary  cavity  on  generation  development  becomes 
minimum,  and  its  mirrors  practically  participate  only  in  creation  of  basic  waves  at  FWM. 

Power  and  temporal  characteristics  of  the  laser  radiation  versus  PQS  initial  transmittance  in  an  interval  of  To  from  90  to 
60  %  at  pump  pulse  energy  3.2  kJ,  duration  4  ms  and  repetition  rate  0.1  Hz  are  shown  in  Fig.  7.  As  one  sees  from  the  given 
data,  the  individual  pulse  energy  (curve  3)  and  peak  power  (curve  2)  grow  approximately  in  2  and  6  times  accordingly  with 
decreasing  initial  transmittance  of  PQS  from  80  to  65  %.  Namely  in  this  interval  of  PQS  initial  transmittance  there  is 
maximum  pulse  train  energy  of  15.4  J  (curve  1).  It  is  possible  to  explain  the  received  results  as  follows.  Increasing  the  PQS 
optical  density  results  in  increasing  the  threshold  value  of  AR  population  inversion  that  causes  decrease  of  pulse  duration 
(curve  5)  and  increase  of  pulse  repetition  period  in  train  (curve  4).  Thereof  the  reduction  of  PQS  initial  transmittance  is 
accompanied  by  increasing  energy  and  power  of  individual  pulses.  It  results  in  increase  of  diffraction  efficiency  of  the 
holographic  gratings  in  AR  and  PQS,  and  as  a  consequence,  pulse  train  energy  growth.  On  the  other  hand,  increasing  the 
PQS  optical  density  causes  increasing  losses  of  radiation  at  PQS  saturation  and  inactive  losses  in  a  LiF:jF2'  crystal.  It 
becomes  the  reason  of  falling  pulse  train  energy  and  delaying  growth  of  individual  pulse  energy  and  peak  power. 

In  the  laser  investigated  by  us  earlier  (Fig.  3),  threshold  value  of  pump  energy  was  about  800  J.  Such  rather  low  value  of 
threshold  pump  energy  is  caused  by  high  reflection  (0.53)  of  output  coupler  of  the  stationary  cavity.  However,  the  increase 
of  pump  energy  resulted  in  growth  of  radiation  power  characteristics  only  in  a  narrow  interval  from  800  to  1000  J.  At  the 
further  increase  of  pump  energy,  only  pulse  train  energy  grew  due  to  reduction  of  time  of  achievement  of  threshold 
population  inversion  and  growth  of  number  of  pulses  in  train.  An  individual  pulse  energy  and  peak  power  remained 
constant. 

In  the  laser  scheme  of  Fig.  6,  threshold  value  of  pump  energy  appeared  almost  twice  more,  but  the  domination  of  the 
dynamic  SPC-cavity  above  stationary  cavity  allowed  us  to  receive  higher  power  characteristics  of  radiation  in  comparison 
with  laser  (Fig.  3).  In  Fig.  8,  the  dependences  of  the  laser  radiation  characteristics  on  energy  of  pump  pulses  are  shown  at 
PQS  initial  transmittance  of  60  %  and  output  coupler  reflection  of  0.1.  As  one  can  see,  the  pulse  repetition  period  in  train 
(curve  4),  determined  by  time  of  achievement  of  threshold  population  inversion  is  reduced  at  increase  of  pump  pulse  energy. 
It  results  in  increasing  the  number  of  pulses  in  train  from  2  to  35  (curve  5),  growing  the  individual  pulse  energy  (curve  3) 
and  peak  power  (curve  2),  and  also  increasing  the  train  energy  (curve  1).  An  application  of  PQS  with  initial  transmittance  of 
60  %  allows  getting  laser  pulses  with  maximum  energy  (more  than  370  mJ)  and  peak  power  (more  than  1.35  MW)  at  pump 
pulse  of  3.2  kJ.  And  an  absence  of  saturation  in  the  dependence  of  radiation  power  characteristics  (train  energy,  individual 
pulse  energy  and  peak  power)  on  pump  pulse  energy  specifies  an  opportunity  of  their  further  growth  with  increase  of  pump 
pulse  energy.  Growth  of  the  laser  power  characteristics  can  be  caused  by  increase  of  volume  of  fundamental  mode  in  AR, 
length  and  diffraction  efficiency  of  holographic  gratings,  which  are  written  both  in  AR  and  PQS  media. 

Really,  the  application  of  SI  as  an  end  reflector  allows  to  carry  out  soft  full-aperture  spatial-angular  selection  of  radiation 
and  to  create  basic  waves  with  front  close  to  flat.”’  It  enables  to  avoid  essential  narrowing  of  the  conjugated  wave  in 
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Fig.  7.  Output  characteristics  of  investigated  Nd:Glass  Fig.  8.  Output  characteristics  of  investigated  Nd:Glass 

laser  radiation  versus  PQS  initial  transmittance  at  3.2  kJ  laser  radiation  versus  pump  pulse  energy  at  60  % 

pump  energy:  LiF:F2'  crystal  initial  transmittance: 

1  -  pulse  train  energy;  2  -  individual  pulse  peak  power;  1  _  pulse  train  energy;  2  -  individual  pulse  peak  power; 

3  -  individual  pulse  energy;  4  -  pulse  repetition  period  in  3  -individual  pulse  energy;  4  -  repetition  period  of 

the  train  of  pulses;  5  -  individual  pulse  duration.  pulses  in  the  train;  5  -  number  of  pulses  in  the  train. 

comparison  with  signal  wave,  and  also  her  phase  distortions'^.  As  result,  the  maximal  diameter  tfout  of  output  beam  achieves 
9  mm,  that  is  4,ut  =  0.75  c4r-  It  almost  twice  is  more  than  at  the  laser  (Fig.  3),  where  cfout  =  0.42  =  5  mm.  It  is  necessary 

to  note  that  for  gauss  beams  tfom  *  0.58  c/ar  »  7  mm.”  Hence,  an  application  of  a  SI  end  reflector  allows  raising  uniformity 
of  basic  waves  in  the  field  of  localization  in  AR  and  PQS  media,  so  also  quality  of  SPC. 

The  output  beam  divergence,  determined  in  focus  of  a  lens  with  a  focal  length  of  1  m  at  the  maximum  pump  pulse  energy, 
did  not  exceed  0.8  mrad  at  e‘^  level,  which  corresponds  to  quality  factor  M^  =  5.3.  The  spatial  brightness  of  a 
Q-switched  pulse  achieved  1.1  10 W/cm^  sr.  The  laser  radiation  coherence  length  determined  by  a  Michelson 
interferometer  was  5.2  m,  and  oscillation  spectrum  width  determined  with  the  a  help  of  Fabry-Perot  interferometer  did  not 
exceed  6-10'^  cm' '.  Thus,  due  to  spatial-angular  selection  and  additional  amplification  the  investigated  Nd:Glass  laser  with 
dynamic  loop  cavity  has  shown  efficiency  of  generation  much  more  than  laser,  in  which  alongside  with  a  reciprocal 
feedback  on  holographic  gratings  the  strong  enough  feedback  of  the  static  resonator  is  used.  An  application  of  a  LiF:F'2' 
crystal  as  both  passive  Q-switcher  and  self-phase-conjugated  mirror  has  allowed  to  lower  diffraction  losses  of  laser 
radiation,  to  raise  self-compensation  of  phase  distortions  of  wavefront  and  spectral  selectivity  of  the  dynamic  resonator.  It 
has  enabled  to  increase  in  4-5  times  the  laser  generation  efficiency,  and  also  to  raise  the  radiation  spatial  and  power 
characteristics  in  5-10  times  at  optimum  transmittance  of  a  LiF:F'2~  crystal. 

5.  CONCLUSION 

The  realization  of  SPC  in  Nd:Glass,  Nd:YAG,  Nd:YAP,  and  LiF:F2'  crystals  has  allowed  to  receive  a  laser  radiation  with 
high  power  and  spatial  characteristics.  Such  laser  systems  have  a  rather  simple  design.  It  considerably  expands  possibilities 
of  technological  solid-state  lasers  with  loop  dynamic  cavity  and  passive  LiF:F2'  Q-switching. 
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ABSTRACT 

We  have  studied  both  experimentally  and  numerically  the  role  of  resonant  refiractive  index  gratings  in  a  self- 
pumped  phase  conjugate  mirror  based  on  an  Nd:YAG  amplifier  with  nonreciprocal  feedback  loop.  In 
experiment  the  generation  of  the  phase-conjugating  laser  was  delayed  with  respect  to  recording  of  a 
holographic  nonlinear  mirror  by  an  external  beam.  An  increase  in  the  phase-conjugate  reflectivity  at  a  delay 
time  of  about  3  ps  was  measured.  The  numerical  calculation  confirmed  the  additional  contribution  of  the 
resonant  refractive-index  grating,  which  is  formed  in  the  pumped  Nd:YAG  crystal  due  to  excitation  of  a 
higher-lying  level  of  Nd^^  ions,  to  efficiency  of  phase  conjugation. 

Key  words:  phase  conjugation,  holographic  gratings  of  refiractive  index  and  gain,  Nd:YAG  laser  oscillator, 
cavity  with  nonlinear  dynamic  mirrors 


1.  INTRODUCTION 

The  main  idea  of  the  paper  is  to  study  the  influence  of  resonant  refiractive  index  gratings  (RIG’s)  on  generation 
conditions  in  a  laser  with  a  holographic  mirror  induced  by  an  external  optical  pulse.  It  was  showm  that  this 
holographic  laser  can  provide  phase  conjugation  (PC)  of  the  optical  signal  writing  the  holographic  mirror  [1-3]. 
As  it  was  supposed,  this  laser  operates  due  to  gain  gratings  (GG’s)  which  accompany  population  gratings  (PG’s) 
induced  by  incident  optical  beams  in  the  NdiYAG  amplifier.  Positive  feedback  for  this  PC  oscillator  is  realized 
due  to  7i-phase  nomeciprocity  of  the  cavity. 

An  alternative  approach  to  realization  of  the  self-pumped  PC  in  the  amplifying  laser  ciystal  is  mutual  scattering 
of  two  intersecting  optical  beams,  an  incident  wave  and  a  wave  passed  through  feedback  loop  [4,5].  As  it  was 
shown,  oscillation  of  the  PC  wave  in  this  scheme  can  be  realized  by  two  kinds  of  gratings,  the  GG  and  the  RIG. 
The  latter  gratings  play  a  key  role  in  the  reciprocal  loop  scheme  [5]. 

Previous  investigations  have  shown  that  the  PG’s  in  Nd:YAG  amplifiers  are  accompanied  not  only  by  GG’s  but 
also  by  RIG’s  [6,7].  This  RIG  formation  is  caused  by  the  difference  in  polarizability  of  excited  and  unexcited  Nd^ 
ions  under  flash-lamp  pumping  and  can  be  explained  by  population  and  depopulation  of  the  higher  lying  level 
^(F2)5/2.  Tlie  diSraction  efficiency  of  the  RIG  was  found  to  be  higher  than  that  of  the  GG.  The  characteristic  time 
of  the  RIG  formation  was  measured  to  be  about  3  ps.  It  means  that  the  RIG  follows  the  PG  with  a  delay  time  of  3 
ps,  and  after  this  delay  it  is  possible  to  expect  an  increase  in  the  reflection  coefficient  of  the  nonlinear  mirror. 

The  aim  of  our  investigation  is  to  verify  the  role  of  RIG's  in  the  nomeciprocal  PC  laser  oscillator  (with  cavity 
formed  by  an  external  signal).  Measurements  of  the  PC-pulse  energy  as  a  function  of  the  delay  time  of  the  laser 
cavity  switch  with  respect  to  the  PG  formation  by  an  external  optical  signal  were  performed  in  combination  with 
numerical  calculations  of  an  oscillator  model. 


2.  EXPERIMENTS 

A  Unearly  polarized  optical  beam  (TEMoo  single-longitudinal  mode)  from  a  Nd:YAG  master  oscillator  was 
launched  to  a  phase  conjugator  (PC)  (Fig.  1).  Duration  of  the  Q-switched  pulse  of  the  beam  was  30  ns.  The 
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incident  wave  {Ej)  propagated  in  the  scheme  and  transformed  into  a  wave  E3  inside  the  Nd:YAG  amplifier.  The 
interference  field  of  the  waves  Ei  and  E3  induced  a  PG  in  the  laser  amplifier. 


The  PC  scheme  comprised  an  additional  polarization  device  which  included  two  cross-polarized  Gian 
prisms  (3  and  5)  and  an  electro-optical  Pockels  cell  (4).  This  device  played  two  roles.  It  decreased  the 
signal  wave  to  prevent  saturation  of  amplifiers  6  which  had  large  gain  (of  about  10'')  and  to  provide 
equal  intensities  of  the  intersecting  writing  waves  Ei  and  E3  in  order  to  maximize  the  induction  of  PG. 
The  second  fimction  of  the  polarization  device  was  to  control  Q  switch  of  the  cavity.  The  switch-on  time 
(due  to  switch-on  of  the  Pockels  cell)  was  synchronized  with  an  external  signal  pulse  with  a  delay  time 
X  which  was  varied  from  several  tens  of  nanosecond  to  several  hundreds  of  microseconds.  This  delay 
provides  for  the  formation  of  the  RIG  which  accompanies  the  PG  with  a  delay  of  3  ps  [6,7],  An  optical 
diode  7  (based  on  a  Faraday  rotator  and  two  aossed  polarizers)  provided  one-way  generation  by 


Fig.  1.  A  schematic  of  the  loop  holographic  laser  1,8  -  lenses  ;  2  -  holographic  amplifier, 
3,5,9,12  -  Gian  polarizers;  4  -  electro-optical  Pockels  cell;  6  -  Nd:YAG  amplifier,  7  -  Faraday 
rotator,  10,1 1  -  energy  meters;  13-45®  Faraday  rotator  on  permanent  magnet. 


The  email-signal  gain  of  the  holographic  amplifier  2  was  60-70  and  the  pump-pulse  duration  was  about 
600  ps.  This  temporal  regime  ensured  the  stability  of  the  amplifier  gain  within  the  delay  time  (from  the 
writing  signal  to  the  generated  pulse). 

The  energy  of  the  generated  pulse  was  measured  in  experiment  as  a  fimction  of  the  delay.  The 
measurement  showed  an  increase  in  the  output  beam  energy  with  increasing  delay  time  (up  to  several 
microsecond)  (Fig.  2).  The  highest  rise  in  the  generated  energy  was  observed  at  the  delay  time  from  1.5 
ps  (Wg(r  =  1.5)~llniJ)  to  6  ps  (Wg(r  =  6)  ~14mJ).  The  generated-pulse  energy  decreased  after  a 

delay  of  40-50  ps  due  to  relaxation  of  the  population  inversion. 
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Fig.  2.  The  energy  of  the  generated  beam  (Wg)  vs  delay  time  of  the  optical  device  (Pockels-cell)  opening  (t). 


To  prevent  the  influence  of  pump  instability  (of  about  5%),  the  measurement  of  W^Cr)  was  averaged  over  100 

pump  pulses.  The  measured  increase  of  the  PC  reflection  coefiBcient  was  found  to  be  about  30-40%.  So,  the  result 
of  the  experiments  was  independent  of  any  technical  instabilities  and  fluctuations. 

Thus  the  experiments  confirmed  that  generated  pulse  energy  increases  with  increasing  delay  time.  The 
characteristic  time  (3-10  ps)  was  comparable  with  the  time  of  RIG  formation. 

3.  NUMERICAL  CALCULATIONS 


For  numerical  calculations  we  used  a  schematic  of  the  PC  system  shown  in  Fig.  3. 


Fig.  3.  The  scheme  used  for  numerical  calculations:  Nd:YAG  amplifiers  (An  is  a  nonlinear  amplifier. 

Am  is  an  additional  intracavity  amplifier);  NRE  is  a  nonreciprocal  transmitting  element;  M  are  mirrors;  E1-E4  are  optical 


waves 


3.1.  Set  of  equations 

To  describe  the  system  we  used  approximations  of  plane  and  monochromatic  optical  waves. 

For  the  first  time  interval  when  the  incident  beams  write  the  population  grating  (0<t<30ns)  the  set  of 
equations  for  the  writing-wave  amplitudes  Ei  and  E3  was  as  follows 
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(1.1) 


A  set  of  equations  for  amplifier  An. 

^  ^  ^  ^  ^  ^  +  (a,  Af.,  +  iP,<ToN[,)E, 

dt  dz 

=  (o-,Af„  +i/},<xME^+(,<r,N‘,  +ip^aXhSi 

dt  dz 


^+Af,=-Ar„^£,p+|i?,f).^+JV.3=-Ar.£.i?;-Af.,(|£,r+|£,f) 

=  I  _  N„ 

dt  r,  tP  dt  T,  T, 


where  Ei  -  are  the  complex  amplitudes  of  the  optical  waves  normalized  to  the  saturation  amplitude  (ylg  , 

Is  is  the  saturation  intensity,  tr,  =  ooil+fii),  <r,  =  ooil+i^d,  is  the  cross-section  of  the  resonant  transition 
(ao  =  2),  /Si=0.15,  z-coordinate  is  normalized  to  the  total  length  of  Nd:YAG  crystal  (/=10cm),  No  and 

Mi  are  the  average-in-space  population  and  the  gratings  of  population  of  the  ‘'F3/2  level,  respectively,  for  the 
AN-amplifier;  No  and  N\  are  the  average-in-space  population  and  the  gratings  of  population  of  the  F(2)5/2 
level,  respectively  (see  Fig.  4);  7’2=0.014  is  the  longitudinal  relaxation  time  of  the  F(2)5/2  level,  which  is 
nomialized  to  the  relaxation  time  of  the  working  transition  (T,). 

The  changes  in  population  of  the  ^F(2)5a  and  %n  levels  determined  the  resonant  changes  of  the  reftactive 
index  of  the  Nd:YAG  crystals,  which  can  be  described  by  the  followmg 

expression-  A«*(v)  =  ■^„+N'  ■  Ap,)  .where  Fi.=(n^+2)/3  is  the  factor  of  a  local  field  (Lorentz 

factor),  no  is  the  linear  index  of  reftaction,  Ap^  and  Aph  are  the  polarizability  difference  of  the  active  Nd^  ions 
in  the  ground  state  Chn)  and  in  the  excited  ''F3/2  and  ^F(2)5/2  levels,  respectively. 

The  existence  of  the  RIG  and  GG  was  assumed  for  description  of  the  nonlinear  amplifier  (An).  The  complex 
cross-section  a,  and  the  parameter  P2  indicate  the  RIG  and  GG  which  accompany  the  PG  of  the  metastable 
level  of  the  working  transition  ( %a )  and  the  higher-lying  level  ( ^(F2)sa )  of  the  4f-electron  sheU  of  the  Nd 
ions  in  the  laser  crystal  Nd;YAG. 
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Fig  4  Diagram  of  energy  levels  of  Nd^  -ion  in  a  Nd:  YAG  crystal  (wWte  arrow  indicates  the  pump-induced  transitions, 
black  arrow  indicates  the  working  laser  transition,  dashed  arrow  indicates  the  virtual  transitions  determining  the 
polarizability  of  metastable  levels,  and  sinuous  arrows  indicate  non-radiative  transitions). 

A  set  of  equations  for  amplifier  Au- 


dt  dt 


-^+Mo=-Mo{Ej 

dt  ^  ^2  ^2 

where  ai'^=  CTo^(l+iPi),  ctq^  is  the  cross  section  of  the  resonant  transition  of  the  “M”-amplifier,  Mo  and  Mo 
are  the  average-in-space  populations  of  the  ''F3/2  and  levels  in  the  “M”-aniplifier. 

The  zero  initial  conditions  for  the  optical  waves  was  used  for  this  stage  of  the  process 

Ex(z,  H))  =  Ei(z,  t=0)  =  E,(z,  t=0)  =  E4(z,  t=0)=0.  (1.4) 

The  initial  condition  of  the  populations  in  the  laser  amplifier  assumed  the  previous  pumping 

Nq{z,  t=0)  =  No\z,  t=0)  =  Mo(z,  t=0)  =  Mq\z,  t=0)  =  1, 

Nuiz,  t=0)  =  Nu{z,  t=0)  =  0,  (1.5) 

The  boundary  conditions  assumed  the  existence  of  the  input  optical  pulse,  the  transmission  of  the  pulse  through 
the  scheme,  the  loop  phase  nonreciprocity  (cp(An)  and  cp(Am))  and  frequency  detuning  of  the  writing  and 
generated  pulses 

E,{Q,t)  =£'io  •  t  <30m;  =  20^ 
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(1.6) 


£,(/.r) =o.£3(o.O 

4(o,o=£'2(o,()-e“,£.((./)=£';(o,()-«'*^-.s:(4).£,(/.0=£;(/,0 

Dxiring  the  second  time  interval  (30  ns  <  t  <  t),  when  the  writing  beams  were  absent  and  the  Pockels  cell 
closed,  the  population  grating  relaxed.  The  set  of  equations  for  the  amplifiers  was  as  follows 


-  +  N„=0  ^  +  1^  =  0  SMo 


dt  t; 


+A/„  =  0 


■^  +  Ni^=0  =  0  ^+M±  =  o 


dt  T, 


dt  t; 


During  the  third  time  interval  (t  >  t),  when  the  optical  device  (Pockels  cell)  is  open;  the  generation  starts.  The 
set  of  equations  for  this  stage  was  as  follows. 


A  set  of  equations  for  amplifier  was  as  follows 

^  ^  ^  XE^  +  E„„)  +  (<7,  V,3  +  ifi,aX,)E, 

dt  dz 

M^-^  =  {(T,N,+i/3,(7X)E,  +(a,V*  +;A<^,V;*)£3 

dt  dz 

^+N,  =-N,(\E,f  +\E.\\^-^N„=-N,E,e:  +|£-/) 

ot  ot 

0  I  -^0  _  -^0  ^-^13  I  -^13  _ 

dt  dt  r,  r. 


,  (1.8) 


'2  ^2 


A  set  of  equations  for  amplifier  Am  was  as  follows 

dt  dt 

dt  '  a? 

where  E  noise  is  the  spatio-temporal  random  noise  source. 


(1.10) 


3.2.  Results  of  numerical  calculations 

Set  of  Eqs.  (l.l)-(l.lO)  was  numerically  calculated  for  the  parameter  which  corresponded  to 
experimental  conditions.  Generation  of  the  optical  pulses  was  calculated.  The  generated  pulse  duration 
and  the  generation  pulse  delay  (with  respect  to  the  Pockels  switch-on-time)  were  calculated  to  decrease 
with  an  increase  in  the  delay  time  between  grating  formation  and  opening  of  the  Pockels  cell  (Fig.  5). 
The  noised  oscillations  on  the  curves  indicated  the  presence  of  a  random  source  of  the  optical  wave  in 
Eq.  (1.8). 
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Fig.  5.  Generation  start  delay  (below  curve)  and  generated  pulse  duration  (above  curve)  vs  delay  time  (a 
time  delay  between  the  moments  when  grating  is  written  and  the  optical  device  is  open)  for  intracavity 
frequency  detuning  C2Ti=1.25  and  writing  beam  intensities  lEio|^144  Isat. 


The  energy  of  the  generated  pulses  increased  with  increasing  delay  time  of  the  Pockes  opening.  This  result  is  in 
good  accord  with  experiment  (compare  Fig.  7  and  Fig.  2). 
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Fig.  6.  Generated  pulse  energy  vs  delay  time  (a  time  delay  between  the  moments  when  the  grating  is  written 
and  the  optical  device  is  open)  for  intracavity  frequency  detuning  nTi=1.25  and  writing  beam  intensities 
|Eio|^144-Isat. 
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The  generation  start  delay  was  found  to  be  dependent  on  the  nonreciprocal  phase  shift  in  the  loop  (<p(An)  + 
<P(Am)).  It  is  very  interesting  that  minimum  delay  correspondes  to  the  n  phase  nonreciprocity  (Fig.  7). 
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Fig.  7.  Generation  start  delay  vs  intracavity  phase  shift  for  the  delay  time  of  the  diode  opening  t  =  3fis 
(below  curve)  and  t  =  200ns  (above  curve)  for  intracavity  fiequency  detuning  QT)=1.25  and  writing  beam 
intensities  |Eio|^144-Is. 

The  generated  pulse  duration  was  also  dependent  on  phase  nonreciprocity  (Fig.  8). 
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Fig.  8.  Generated  pulse  duration  vs  intracavity  phase  shift  for  the  delay  time  of  the  diode  opening  x  =  3ps 
(above  curve)  and  x  =  200ns  (below  curve)  for  intracavity  frequency  detuning  QTi=1.25  and  writing  beam 
intensities  |EioP=144-Is. 

4.  CONCLUSION 


The  experimental  investigation  and  numerical  calculation  confirmed  the  participation  of  the  resonant  RIG  in  the 
cavity  formation  of  a  nonreciprocal  holographic  laser  with  PG  formed  by  the  external  signal  beam  in  a  Nd:YAG 
flash-lamp  pumped  laser  crystal.  An  increase  in  output  energy  of  the  generated  pulse  by  about  25  %  was  measured 
and  calculated.  An  additional  growth  of  energy  is  prevented  by  gain  saturation  of  the  amplifiers. 


Therefore,  the  resonant  RIG  must  be  taken  into  consideration  in  analysis  of  the  holographic  phase  conjugators 
and  laser  oscillators  at  least  under  flash-lamp  pumping.  The  resonant  refractive  index  grating  can  improve  the 
effective  reflection  coefiScient  of  the  holographic  grating  and  total  phase-conjugated  reflection  of  the  full  optical 
scheme. 
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Abstract 

The  transverse  beam  profile  of  solid-state  lasers  is  a  key  issue  for  determining  its  propagation  properties.  Herein,  we 
address  laser  beam  distortions  caused  by  thermal  leasing  and  birefringence.  For  the  simulations  a  finite  difference  method  is 
used  for  the  description  of  beam  propagation  problems.  The  method  is  an  improved  approach  to  the  solution  of  the  wave 
equation  in  paraxial  approximation.  Provided  that  steady-state  conditions  prevail,  in  comparison  with  the  Fresnel-Kirchhoff 
integral  description  this  method  allows  for  a  fully  3  D  treatment  of  the  aforementioned  laser-optical  phenomena. 


Introduction 


For  lasers  with  high  output  power  an  efficient  utili2ation  of  the  active  medium  needs  a  larger  size  of  the  gain  medium 
itself  In  the  case  of  solid-state  lasers  rods  with  large  cross  sections  are  used.  Another  realization  means  for  scaling  up  the 
output  power  is  a  setup  employing  a  master  oscillator  power  amplifier  (MOP A)  configuration.  Applications  of  high  average 
and  high  peak  power  solid-state  lasers  in  the  field  of  science  and  material  processing  require  a  nearly  Gaussian  or  flat-top 
beam  profile.  Furthermore,  e.g.  the  divergence  of  the  laser  beam  or  the  depolarization  losses  have  to  be  considered  by 
analyzing  the  evolution  of  the  phase-  and  intensity  distribution  of  a  wavefront  propagating  through  a  dispersive  laser 
medium.  So  far,  optimization  of  the  resonator  of  one  or  the  other  scheme  is  provided  by  using  the  well  known  Fox-Li 
method*  (Fresnel-Kirchhoff  integral  method). 

In  the  following,  we  briefly  summarize  some  experimental  means  for  the  compensation  of  thermal  lensing  and  stress 
induced  birefringence.  The  main  emphasis  is  however  placed  on  the  simulation  of  these  beam  distortion  features. 


Means  for  correcting  beam  distortions 

In  optically  pumped  materials,  for  example  in  a  Nd:YAG  rod,  the  index  of  refraction  is  changed  mainly  by  temperature 
variations  and  thermally  induced  stress.  The  resulting  effect  on  the  evolving  laser  beam  are  phase  front  distortions  which 
need  to  be  compensated.  Various  experimental  means  for  compensating  either  thermal  lensing  or  the  induced  birefringence 
are  described  in  the  literature.^  One  way  to  correct  the  distorted  intensity  distribution  caused  by  the  thermal  lensing  effect  in 
a  continuously  operating  transversely  diode-pumped  Nd;YAG  laser  is  the  incorporation  of  an  adjustable  curvature  mirror 
(ACM)  as  a  high  reflector  (HR)  in  the  cavity.^  The  thin  substrate  of  the  HR  mirror  was  deformed  using  a  micrometer  screw 
with  a  ball  tip  placed  at  the  center  of  the  substrate.  A  deformation  of  40  pm  off  the  center  of  the  initial  plane  mirror  into  a 
convex  curved  mirror  was  needed  to  compensate  for  the  thermal  lensing  effect  evolving  from  lasing  threshold  up  to  the  full 
pump  power  level.  For  the  rod  used  with  a  diameter  of  2  mm  and  a  length  of  40  mm,  a  focal  length  of  the  thermal  lens  of  3  5 
cm  was  observed  at  full  pump  power.  By  simultaneously  monitoring  the  transverse  beam  profile  a  nearly  Gaussian  profile 
was  kept  up  to  the  available  pump  power  of  60  W.  A  maximum  output  power  of  12  W  was  achieved. 

Another  possibility  for  reducing  the  thermal  lensing  effect  of  a  laser  rod  comprises  the  installation  of  a  Galilean  telescope 
inside  the  cavity.'*’^  Successful  compensation  can  be  achieved  for  a  weak  thermal  load.  At  higher  pump  power  levels  the 
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laser  rod  exhibits  an  additional  spherical  aberration  which  cannot  be  compensated  for  by  the  described  conventional  means. 
One  other  option  exists  however.  Some  few  crystals  like  Nd:YLF,  for  example,  have  a  small  optothermal  coefficient, 
yielding  a  smaller  thermal  lens  under  comparable  pumping  conditions. 

For  the  development  of  high  power  lasers  the  available  glasses  or  crystals  are  rather  limited.  That  is  why  the  standard  way  to 
go  is  a  Nd:YAG  master  oscillator  power  amplifier  (MOP A)  setup  or  an  amplifier  chain  with  the  inclusion  of  optical  phase 
conjugate  (PC)^®  mirrors.  Such  a  setup  takes  care  for  the  compensation  of  Aermal  lensing.  To  compensate  for  the  induced 
birefnngence  polarization  schemes  are  used’  for  the  resonators  with  or  without  the  inclusion  of  PC.* 

In  a  following  section,  we  numerically  evaluate  the  Y-cavity  configuration’^  for  birefiingence  compensation  as  an  example 
to  demonstrate  the  power  of  the  finite  difference  method.*’ 


Numerical  method 

The  method  is  an  improved  finite  difference  approach  to  the  solution  of  the  wave  equation  in  paraxial  approximation. 
Under  steady-state  conditions,  it  yields  a  fully  3  D  representation  of  the  optical  field  because,  for  given  discretizations  in  the 
transverse  directions,  axial  propagation  steps  of  any  small  size  are  possible.  To  begin  with,  the  underlying  assumptions  for 
this  equation  are  briefly  sketched. 

Paraxial  wave  equation 

A  solution  ansatz  with  slowly  varying  amplitude  in  z-direction  and  time, 

U  (x,  y,  z,  t)  =  u(x,  y,  z,  t)  exp[/(<y  t-kz)], 

of  the  free-space  wave  equation, 

d^u  d^U  d^U  1  d^u 

a’  ' 


together  with  the  paraxial  approximation, 
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yields  the  paraxial  wave  equation  as 
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u(x,y,z,t)  =  0. 


The  term  in  the  brackets  represents  the  total  derivative  of  the  complex  field  amplitude  with  respect  to  the  z-direction 
including  a  part  which  considers  a  possible  unsteady  behavior  of  the  wave  front. 


Proc.  SPIE  Vol.  4353 


231 


Representing  a  Schroedinger-type  partial  differential  equation,  the  paraxial  wave  equation  constitutes  a  diffusion  problem 
with  an  imaginary  diffusion  constant. 

Numerical  scheme 

The  numerical  solution  is  provided  by  a  finite  difference  scheme,  well  jproved  for  2  D  heat  conduction  problems  in  the 
time  domain,  i.e.,  the  Alternating  Direction  Implicit  Method  (ADIM).'  ADIM  allows  for  a  flexible  variation  of  the 
incremental  axial  propagation  steps  with  a  high  degree  of  computational  stability  and  (phase)  accuracy  at  the  same  time. 
The  boundary  conditions  for  the  field  amplitude  in  the  x-y  -  plane  may  be  either  given  by  M  =  0  or 
du!  dx  =  dul  dy  =  Q,  supposing  that  the  computational  domain  is  wide  enough  to  have  the  amplitude  nearly  faded  at  the 
boundaries. 

Treatment  of  3  D  laser  medium  effects  and  mirror  phases 
The  stepwise  propagation  of  the  field  is  performed  according  to  the  following  prescription*®: 
u{x,y,z  +  isz)  =  u^ (x, y,z  +  Az) exp { [g(x, y,z)/2-ik  An(x, y,z)]Az}  , 

where  (x,y,z  +  Az)  is  the  field  after  fi-ee-space  propagation  fi-om  z  to  z  +  Az ,  g(x,  y,  z)  is  the  gain  and 
An(x,  y,  z)  =  n(x,y,z)  —  I  is  given  by  the  spatial  variation  of  the  refi-active  index  of  the  respective  medium;  cf.  Fig  1 . 


Az 


12  3...  N 


Fig.  1.  Stepwise  propagation  of  the  field  through  a  (gain)  medium  with  spatially  varying  refi-active  index. 

In  the  axial  direction,  the  medium  is  divided  into  N  increments  having  the  width  Az . 

Additional  optical  elements  like  mirrors  or  thin  lenses  are  considered  in  a  similar  way  by  simply  correcting  the  complex 
field  u(x,  y,  z)  for  the  respective  transverse  phase  variation. 

Thermal  leasing  and  stress  induced  birefringence  in  laser  crystals 

Allowing  propagation  steps  in  the  axial  direction  of  any  small  size,  the  method  is  best  qualified  for  the  modeling  of 
thermal  lensing  and  stress  induced  birefiingence.  Thus  a  distributed  thermal  lens  can  be  considered  as  an  axial  series  of 
many  (several  10)  thin  lenses. 

Polarization  effects  are  accounted  for  by  the  propagation  of  two  scalar  fields  representing  the  p-  and  s-polarized  states. 
Changes  in  polarization  due  to  certain  optical  elements  are  described  by  a  2x2  matrix  (Jones  Matrix  )  acting  on  the  vector 
consisting  of  the  two  field  components.  As  an  example,  the  treatment  of  stress  induced  birefiingence  of  a  laser  rod 
(Nd:YAG)  and  the  resulting  depolarization  is  briefly  sketched. 
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In  a  cylindrical  coordinate  system  (system  of  principal  axes  of  the  indicatrix  )  the  change  of  the  polarization  state  for  an 
incremental  axial  propagation  step  Az  is  given  by: 


^E,(x,y,z  +  Az)'\  (E,{x,y,z)] 

=  M 


E^ix,y,z  +  Az) 


^  Jones 


E^ix,y,z) 


with  the  Jones  Matrix 


exp[zA:A«,(r)Az] 

0 


exp[ikAn^(r)Az] 


Within  the  framework  of  a  simple  analytical  photoelastic  modeP  the  variations  of  the  refractive  index  scale  as 


A «,('■)  =  -2-8x10"®  <2[Watt/cin^]r[cm]  ^  ,  An^(r)  = +0.4x10  ®^[Watt/cm^]r  [cm]^ , 

where  Q  denotes  the  heat  deposited  in  the  crystal.  It  should  be  stressed,  in  this  context,  that  the  numerical  method  not  only 
predicts  the  change  of  the  polarization  state  but  also  reflects  the  individual  refraction  of  the  r-  and  ^component  of  the  field 
(birefringence). 


Simulation  of  the  Y-cavity  resonator 

For  the  simulations  of  thermal  leasing  and  birefiingence  compensation  we  evaluate,  as  an  example,  the  Y-cavity 
resonator®’^  to  demonstrate  the  ability  of  the  finite  difference  numerical  method. 


The  Y-cavity  resonator,  depicted  in  Fig.  2,  compensates  for  birefringence  by  double-pass  retracing  the  beam  through  the 
thermally  distorted  laser  rod.  A  p-polarized  beam  coming  from  the  left  passes  the  polarizer,  laser  rod  and  45°  Faraday 
rotator.  Being  orthogonally  polarized  on  its  return  pass,  the  beam  is  deflected  by  the  polarizer  towards  the  HR  re-entrant 
mirror  The  s-polarized  beam  once  more  double-passes  the  rod  and  Faraday  rotator  and,  being  p-polarized  again,  passes  the 
polarizer  to  reach  the  output  coupler.  Position  and  focal  length  of  the  rear  mirror  for  optimum  compensation  of 
birefringence  are  related  by’ 


d  =  f- 


2nn 


with  d  distance  between  rear  mirror  and  rod,  /  focal  length  of  the  rear  mirror,  s  active  length  of  the  laser  rod,  and  no 
refractive  index  at  the  center  of  the  rod. 

An  additional  feature  of  the  Y-cavity  resonator  are  the  four  passes  of  the  beam  through  the  active  medium  before  it  reaches 
the  output  coupler. 
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Fig.  2.  Principle  of  the  Y-cavity  resonator  for  birefringence  compensation  by  double-pass  retracing  the  beam  through  the 
thermally  distorted  laser  rod  (Nd:YAG  pump  head). 


The  computations  of  the  steady-state  field  distribution  along  the  optical  axis  of  the  Y-cavity  for  two  passes  are  shown  in 
Fig.  3.  The  r-polarization  and  9-polarization  states  are  represented  in  the  upper  and  lower  part  of  Fig.  3.  The  axial  positions 
of  the  output  coupler  and  the  rear  curved  mirror  are  at  the  left  hand  side  and  at  the  center,  respectively.  The  HR  re-entrant 
mirror  is  located  at  the  right  hand  side;  the  deflection  of  the  beam  due  to  the  thin  film  polarizer  is  ignored.  The  beam 
partially  returning  from  the  output  coupler  is  p-polarized  which  means  r-polarized  in  the  selected  meridian  plane.  When  the 
beam  passes  the  45°  Faraday  rotator  a  s-polarized  (9-polarized)  component  appears  for  the  first  time,  (lower  picture  in  Fig. 
3).  In  the  upper  picture,  ^er  the  second  encoimter  with  the  Faraday  rotator  the  beam  has  no  longer  a  p-polarized 
component,  i.e.,  the  intensity  profiles  terminate.  The  intensity  peaks  are  due  to  a  complex  interplay  of  the  curved  rear  mirror 
and  the  thermal  lens  of  the  laser  rod. 

The  simulations  indicate  that  without  birefi-ingence  compensation  (re-entrant  mirror  and  Faraday  rotator  removed)  the  laser 
has  an  approximate  depolarization  loss  of  25  percent.  The  introduction  of  optimum  compensation  reduces  the  loss  below 
0.1  percent. 
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Fig.  3.  Intensity  profiles  along  the  laser  axis  (two  passes)  for  r- and  cp-polarization  states.  The  axial  positions  of  the  output 
coupler  and  the  rear  curved  mirror  are  at  the  left  hand  side  and  at  the  center,  respectively.  The  HR  re-entrant  mirror 
is  located  at  the  right  hand  side.  After  the  second  encounter  with  the  45°  Faraday  rotator  the  beam  has  no  longer  an  r- 
component,  i.e.,  the  intensity  profiles  in  the  upper  picture  terminate.  In  the  lower  picture,  a  cp-polarization  component 
appears  after  the  beam  passed  the  rotator  for  Ae  first  time. 


Conclusions 

In  this  paper,  we  focused  on  thermally  induced  stress  birefiingence  and  lensing  constituting  key  issues  of  high  power 
solid-state  lasers.  After  the  discussion  of  some  experimental  means  for  the  compensation  of  these  beam  distortions,  a  novel 
approach  to  the  solution  of  the  paraxial  wave  equation,  utilizing  the  Alternating  Direction  Implicit  Method  (ADIM)  was 
introduced.  Allowing  for  field  propagation  steps  of  any  small  size,  the  method  proved  to  be  best  fitted  for  the  (3  D) 
simulation  of  spatially  distributed  medium  effects  which  cannot  be  addressed  by  the  Fresnel-Kirchhoff  integral  procedure. 
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ABSTRACT 


In  this  review  some  results  on  spiral  beam  optics  are  considered.  Spiral  beams  keep  their  intensity  stmcture  unchanged 
under  propagation  except  its  scale  and  rotation.  Some  theoretically  calculated  spiral  beams  and  the  ways  of  their  experim¬ 
ental  constracting  are  presented.  A  comparison  between  an  example  of  nonrotating  but  stmcturally  stable  beam  and  a 
corresponding  spiral  beam  is  performed. 

Keywords:  Keywords:  spiral  beams,  stmcturally  stable  beams,  Laguerre-Gaussian  beams,  astigmatic  transformation. 

1.  INTRODUCTION 

The  theme  of  this  article  is  so  called  spiral  laser  beams.  The  characteristic  feature  of  these  wavefields  is  that  they  are 
remaining  unchanged  under  propagation  and  focusing  if  we  neglect  a  scaling  and  rotational  changes.  In  other  words  under 
propagation  these  beams  keep  their  stmcture  and  are  rotating  only. 

The  name  of  these  beams  is  a  consequence  of  their  rotating  and  phase  properties.  Namely,  the  trajectories  of  corresponding 
points  of  their  intensity  distributions  under  propagation  are  in  general  some  spirals.  On  the  other  hand  the  equiphase  lines  of 
their  phase  distributions  outside  of  the  waist  are  spirals  also. 

It  is  known  that  from  formal  point  of  view  any  coherent  light  field  may  be  presented  as  superposition  of  well  known  class  of 
Gaussian  beams:  Hermite-  and  Laguerre  beams.  For  this  reason  a  question  arises:  what  are  the  arguments  in  favor  of 
introducing  of  a  spiral  beam  conception? 

There  are  two  aspects  of  this  question.  At  first  [1],  the  spiral  beam  representation  of  wavefields  is  sometimes  very  compact 
and  descriptive  as  we  will  see  below.  And  secondly  [2],  the  proposed  approach  gives  a  new  possibility  to  study  the  ways  of 
shaping  and  transformation  of  coherent  wavefields. 


2.  SPIRAL  BEAMS 

We  start  with  an  ordinary  Laguerre-Gaussian  mode  definition: 

=  exp(-x^  -  ±  iyTLl(^^  +  2/),  n,m  =  0,l,... . 

Here  index  n  defines  a  number  of  rings  in  the  intensity  distribution  and  index  ±jn  defines  an  order  of  central  zero  and  its 
sign.  Below  we  will  say  that  a  prime  zero  is  positive  one  if  under  counterclockwise  motion  around  it  the  beam  phase 
changes  from  0  to  2n,  in  otherwise  a  zero  is  negative.  Nonprime  zeros  are  classified  analogously. 

What  a  combination  of  Laguerre-Gaussian  modes  describes  a  spiral  laser  beam?  It  may  be  shown  that  a  sum  of  Laguerre- 
Gaussian  modes  be  a  spiral  beam  if  the  following  condition  for  mode  indices  n,m  takes  place: 

2n  +  |m|  +  =  const . 


Here  9o  is  the  rotation  parameter  and  the  corresponding  beam  rotates 

y  2/  '' 


q(/)  =  q-  arctan 


under  propagation  according  to  the  law: 


Here  /  is  a  distance  along  the  direction  of  propagation  of  the  beam,  A:  is  a  wave  number,  and  p  =  const.  From  the  index 
condition  it  is  seen  that  any  sum  of  Laguerre-Gaussian  modes  with  zero  «  and  positive  m's  is  always  a  spiral  beam  for  the 
rotation  parameter  0o  =  -l.  In  this  case  a  polynomial  structure  of  all  Laguerre-Gaussian  modes  reduces  to  a  single  term  z" 
and  the  sum  of  these  beams  may  be  rewritten  as  the  following: 
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F(x,y,/)=-exp 

a 


f 

'  X  +  iy^ 

V  ) 

{per  J 

Here  s  =  1  +  2/7//f  and  an  arbitrary  entire  analytic  function  of  one  complex  variable 7(z)  is  defined  by  its  own  zeroes  and 
their  positions.  So,  the  beam  evolution  under  propagation  looks  like  a  rotation  of  the  isolated  zero  set  with  some  angular 

velocity.  . 

It  should  be  noted  here  that  the  Gaussian  beams  known  before  have  a  rectangular  or  circular  symme^  and  a  ngid 
distribution  of  their  intensities.  In  contrast  with  them  the  spiral  beams  due  to  representation  contaming  an  arbifrary  analytic 
function  give  us  a  wide  range  of  possibilities  to  synthesize  structurally  stable  wavefields  of  vanous  topology.  For  sample, 
it  may  be  shown  [2]  that  a  spiral  beam  whose  intensity  is  visually  similar  to  a  predetermmed  planar  curve  has  the  form 


S  (z,z|z)  =  exp 


f  zz' 


jexp 


zz 


2zz 


1  '  —  — 

-  —  J(z'z-zz')dr 


Icff . 


Here  Ui)  fe  10  7]  is  a  parametric  complex-valued  representation  of  the  curve  on  the  plane  and  z = x  +  iy  is  complex  variable. 
ThTbase  of  to  beams  is  a  set  of  isolated  zeroes  or  optical  vortices.  For  this  reason  the  beams  found  have  a  vortical  natoe 
and  nonzero  angular  momentum.  This  property  permits  to  use  spiral  beams  as  tweezers  and  spanners  for  micromanipulation 


purposes. 

Examples  of  spiral  beams  constructed  for  some  planar  curves  are  shown  in  figs.  1-4. 

The  importance  of  the  zero  locations  and  their  signs  are  extremely  high.  With  the  aim  to  illustrate 
field  on  fig  5  This  beam  conserves  its  structure  under  propagation  but  has  no  any  rotation.  Intensity  distnbution  of  A  s 
be^  is  almost  the  same  as  for  the  spiral  beam  in  fig.4.  The  comparison  of  the  phase  structures  of  both  beams  shows  that  the 
zero  set  dispositions  inside  of  two  maximal  intensity  contours  are  very  similar  to  each  other  except  the  rotation  over  7t/4 
angle.  But  zeroes  located  outside  of  the  square  domains  are  rather  different.  All  zeroes  of  the  spiral  beani  ”  “ 

positive  but  outside  zeroes  of  the  beam  in  fig.5  are  negative  So,  dissimilanty  between  penpheral  zeroes  of  both  beams 
determines  a  radical  difference  between  behaviour  of  these  beams  under  propagation. 


Fig.l.  Intensity  and  phase  for  a  spiral  beam  shaped  like  a  segment. 
In  the  phase  pattern  black  corresponds  to  0,  and  white  to  2it.  Six 
positive  zeros  are  seen  in  the  left.  Central  region  contains  a  saddle 
point  but  not  a  zero  because  of  exp(iO)  =  exp(27ci)- 


Fig.3.  Intensity  and  phase  for  a  spiral  beam  S(z,  z  IA7)  shaped  like 


a  triangular  boundary. 


Fig.2.  Intensity  and  phase  for  a  spiral  beam  shaped  like  a  spiral  of 
Archimedes  The  parameter  c  was  selected  to  demonstrate 

the  interference  between  coils. 


Fig.4.  Intensity  and  phase  for  a  spiral  beam  Si^,  z  Ps)  shaped 
like  a  square  boundary. 
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Fig.5.  Intensity  (a)  and  phase  (b)  of  nonrotating  structurally  stable  beam,  and  its  experimental  realiaation  (c).  Eight  positive  zeroes  are 
seen  inside  a  maximal  intensity  contour  and  four  negative  zeroes  are  placed  outside  the  contour. 


As  has  been  mentioned  above  the  spiral  laser  beams  have  in  general  nonzero  angular  momentum  and  nonzero  rotor  of  their 
energy  flux  field.  Without  intention  to  consider  this  connection  in  details  let  us  present  a  new  relation  between  these 
characteristics  of  a  coherent  wavefield.  It  may  be  shown  that  a  longitudinal  component  of  angular  momentum  and  a 
longitudinal  component  of  rotor  of  a  light  energy  flux  field  are  connected  by  the  following  relation: 


dx  dy  dy  dx 

*rctoj(x,y) 


dxdy . 


Like  an  intensity  both  characteristics  -  Mi  and  rotoj  -  are  integral  invariants  for  any  light  field,  i.e.  as  the  energy  conserves 
itself  unchanged  imder  the  field  propagation  as  analogous  integrals  for  Mi  and  rotoj  do. 


3.  EXPERIMENTAL  REALIZATION  OF  SPIRAL  BEAMS 

There  are  various  methods  to  synthesize  spiral  beams.  The  most  obvious  one  is  connected  with  the  usage  of  amplitude- 
phase  masks.  In  this  case  the  requested  distribution  of  complex  amplitude  in  a  predetermined  plane  may  be  obtained  by 
combination  of  two  fabricated  transparants:  amplitude  one  and  phase  one.  If  ordinary  Gaussian  beam  illuminates  this 
sandwich  then  spiral  beam  amplitude  is  realized  behind  it.  The  example  of  such  experiment  is  shown  in  fig.6.  This  beam 
rotates  imder  propagation  keeping  its  structure,  and  the  angle  of  complete  rotation  between  the  waist  and  far  zone  is  n/2. 

Another  way  for  constructing  of  a  spiral  beam  is  based  on  the  possibility  of  a  beam  generation  directly  inside  a  laser  reson¬ 
ator  [3].  The  type  of  resonators  used  for  this  purpose  is  a  specific  ring  resonator  with  a  field  rotation.  The  example  of  exp¬ 
erimental  set-up  is  shown  in  fig.7.  A  Dove  prism  was  used  in  this  experiment  as  a  rotator.  It  has  been  shown  theoretically 
and  experimentally  that  the  rotation  of  the  prism  on  some  angle  leads  to  generation  of  a  spiral  beam.  Results  of  some  exp¬ 
eriments  are  shown  in  figs.8,9. 


Fig.6.  Experimental  intensity  distribution  of 
triangle-line  spiral  beam  (see  theoretical 
one  in  fig.3). 


Fig.7.  Experimental  set-up  on  the  base  of  argon  ion  ring  laser.  M|  is  plane  mirror,  M2,  M3 
are  spherical  mirrors,  P  is  Dove  prism.  The  resonator  scheme  shaped  as  an  obtuse-angled 
triangle  was  selected  in  order  to  reduce  the  influence  of  astigmatism  of  the  mirrors  M2,  M3. 
The  beam  generated  by  the  laser  was  observed  and  registered  after  partially  passing  mirror 
M3  with  the  help  of  objective  O  and  microscope  M  in  the  plane  of  the  screen  S. 
Transverse-mode  selection  was  realized  by  inserting  a  thin  wire  W  into  the  beam  zone. 
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Fig.9.  Experimentally  registered  intensities  of  the  spiral  beam  before  (a),  at  (b),  and  after  (c)  the  waist  plane.  Theoretical  distributions  of 
intensity  (d)  and  phase  (e)  of  spiral  beam  with  the  rotation  parameter  0o=-l. 


The  last  and  not  so  evident  way  of  spiral  beam  synthesis  is  based  on  our  earlier  results  concerning  Gaussian  beam 
transformations.  It  has  been  shown  [4],  that  any  Hermite-Gaussian  beam  may  be  transformed  into  some  Laguerre-Gaussi^ 
beam  by  means  of  astigmatic  optics.  At  first  this  transformation  was  detected  in  experiment  and  later  it  was  proven  m 
theory.  Experimentally  this  transformation  may  be  realized  by  combination  of  some  spherical  and  cylindrical  lenses.  Using 
this  result  any  sum  of  Hermite-Gaussian  beams  may  be  converted  into  a  sum  of  corresponding  Laguerre-Gaussian  beams. 
On  the  other  hand,  it  is  known  that  in  a  stable  resonator  the  mode  time  frequences  are 


w,g  =  (pq+  garccosT^)^. 

where  I  is  a  resonator  length,  gi,g2  are  configuration  parameters  and  y=n+OT+l  for  Hermite-Gaussian  beams.  If  the  equality 

arccos.y/^  =p/^Q 

takes  place,  where  P,Q  are  coprime  numbers,  then  there  exists  an  additional  fi-equency  degeneration  for  modes  that  satisfy 
the  condition  yPIQ  =  N.  The  sum  of  these  modes  is  the  time  stationary  process  but  the  total  wavefield  changes  under 
propagation.  Let  us  consider  an  example  PIQ=\I3  (resonator:  i?,=2  m,  i?2==o,  /=1.5  m).  There  is  a  frequency  degeneration 
for  the  sum  of  Hermite-Gaussian  modes  in  such  resonator  (see  fig.lO).  This 

combination  can  be  produced  by  inserting  a  thin  wire  into  the  resonator  field.  The  astigmatic  transformation  of  the  obtained 
wavefield  is  a  spiral  beam  with  27c/3-symmetry.  The  results  of  the  experiment  are  shown  in  fig.l  1. 


Fig.lO.  Intensity  and  phase  of  the  field  exp(-x^/8)*(y|A2)  and  its  experimental  realization. 
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4.  CONCLUSIONS 

Finally,  it  should  be  noted  that  there  are  spiral  beam  aspects  which  have  not  been  discussed  here.  Some  of  them  are  so  called 
derived  spiral  beams  [5],  the  connection  between  spiral  beams  and  quantum  mechanics  [2],  the  spiral  beam  usage  for  beam 
shaping  problem  and  some  others  [6,7].  But  the  basic  spiral  beam  features  and  some  new  results  have  been  presented. 
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ABSTRACT 

The  real  time  control  of  the  rotation  rate  of  a  microscopic  particle  trapped  in  a  focused  laser  beam  by  mean  of  polarization 
ellipticity  of  laser  radiation  has  been  studied.  The  ellipticity  change  was  carried  out  with  the  modulator  ming  orientational 
S-effect  in  nematic  liquid  crystals.  The  dependence  of  the  particle  rotation  speed  on  the  state  of  polarization  ellipticity  was 
determined.  The  calculation  of  an  angular  momentum  of  rotation  per  a  unit  of  energy  of  the  light  field  is  shown. 

Keywords:  laser  trap,  real  time  control,  liquid  crystal  modulator 

1.  INTRODUCTION 

It  was  A.  Sadowsky  who  calculated  the  optical  torque  of  elliptically  polarized  light  in  1900  for  the  first  time  [1].  It  was 
considered  too  small  for  experimental  detection,  while  R.A.  Beth  in  1936  in  his  famous  difficult  experiment  had  measured  it 
[2].  He  observed  the  deflection  of  a  quartz  wave  plate  suspended  fi'om  a  thin  quartz  fiber  when  circularly  polarized  light 
passed  through  it.  Nowadays  with  the  help  of  such  tool  as  the  optical  trap  it  is  possible  to  observe  transfer  of  an  optical 
torque  at  a  microscopic  level.  The  result  of  optical  torque  calculation  in  papers  [3-5]  indicates  that  its  transfer  to  an 
absorptive  particle  will  put  it  to  rotation  with  speed  in  some  hertz.  Light  transfers  the  angular  momentum  fi'om  the  polarized 
Gaussian  mode  of  a  laser  beam  to  absorptive  microscopic  particle.  The  angular  momentum  carried  by  light  can  be 
characterized  by  the  "spin"  angular  momentum  associated  with  the  circular  polarization.  Changing  the  polari^tion  degree 
of  laser  radiation,  it  is  possible  to  change  the  rotation  rate  of  a  microscopic  particle.  The  authors  of  the  article  [6]  have 
shown  theoretically  and  experimentally  a  capability  of  two-dimensional  trapping  and  manipulations  above  absorptive 
particles  by  a  tightly  focused  Gaussian  laser  beam.  Moreover,  they  have  shown  that  the  use  of  a  Gaussian  mode  gives  new 
capabilities  for  the  study  of  the  transfer  of  an  optical  rotary  moment  caused  by  elliptical  polarization  of  light  to  absorptive 
particles.  In  articles  [7-9]  for  demonstrating  microscopic  station  of  the  transfer  of  orbital  and  spin  angular  momentums  from 
a  laser  mode  to  the  trapped  particle  the  Laguerre-Gaussian  mode  was  used. 

The  presented  work  intends  to  develop  a  method  to  control  rotation  rate  of  a  microscopic  particle  trapped  in  a  focal  point  of 
the  laser,  with  the  help  of  optoelectronic  modulator  without  mechanical  movements  in  real  time.  Now  movement  and 
rotation  are  accessible  for  microparticles  manipulations.  The  movement  of  particles  has  been  realized  by  scanning  of  a 
focused  laser  beam  in  image  plane  [7],  and  by  moving  of  an  object  table  [9].  In  the  latter  case  a  focused  beam  keeps  the 
particle,  and  environment  ambient  are  moves.  The  rotation  of  particles  is  possible  by  the  use  of  circular  polarization  of  a 
laser  beam  [6]  or  by  the  use  of  laser  modes  with  spiral  wave  fi'ont  [7-9].  In  all  papers  [6-9]  the  control  of  the  rotation  rate  in 
real  time  was  implemented  by  change  of  an  ellipticity  polarization  degree  of  a  laser  beam  with  the  help  of  rotation  of  a  774 
plate.  In  the  given  article  the  real  time  control  of  rotation  rate  of  a  particle  trapped  by  a  focused  laser  beam  was  performed 
with  the  help  of  the  liquid  crystal  modulator  (LCM),  capable  to  change  a  degree  of  an  ellipticity  polarization  of  laser 
radiation  without  mechanical  movements. 


2.  THEORY 

Let's  find  an  angular  momentum  comes  per  unit  of  energy  of  a  light  field.  The  electric  field  of  an  elliptically  polarized  beam 


is: 


8x=E(x,y,l)cos0e' 


Sy=iE(x,y,l)sin0e 


ikl-iwt 


(1) 
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e,=g(x.y,l)e"-“ 


where  k  =  kg  =  — ■\[^ 

C 


Then  from  the  Maxwell’s  equation  divE=0  the  connection  between  longitudinal  and  transversal  components  of  electrical 
vector  is  discovered: 

,  52 

E  cos0  +  iE„sin0  +  igk  +  -^  =  O=> 

*  ^  51 


(2) 


g  =  -6"“  je‘“  (E^  cos  0  +  iEy  sin  0)dl »  —  (E^  cos  0  +  iE^  sin  0)  =  8, 

k 


1 

where  f  = — ,  f  = — .  From  the  Maxwell’s  equation  B= - rotE  matching  components  of  a  magnetic  field  i 

dx  ^  dy  ikg 

discovered: 

k 

=-i — Esin0 

K 

k 

SB  = — Ecos0 

^  k 

^0 

^  =  —  (E'^  sin  0  +  iE  j,  cos  0) 

The  time-average  angular  density  of  a  moment  is  determined  by  following  expression: 

M,  =-^Re[rx[eExB]],, 

Stic 

Where  the  badge  is  marks  conjugate  values.  Substituting  in  this  expression  (1)  and  (3)  for  volumetric  density  of  an 
angular  momentum  we  shall  receive: 

M,  =  Re[-x(sS,^  -  ^sS,)  -  yCsS^^  -  e8,%)]  = 


(4) 


1  sx(EE)>sy(EE^^j^2g^  1 


^xe(EE;-EE;)  ys(EE', -EEJ^ 


Stic 


2k„ 


87tck„ 


2i 


2i 


(5) 


Here  first  member  depending  on  0  is  a  polarizing  component  of  an  angular  momentum. 


S  •rn’r-i 


Volumetric  density  of  energy  of  a  light  field  W  is  determined  as  W  =  — EE .  Then  we  receive  the  specific  polarizing 

Stt 

moment  per  energy  unit  of  light  field 


ssin2ejjjx(EE),^^y(EEj^^dydl 


(6) 


Stic 


2k„ 


^  JJjEEdxdydl 


The  integrals  in  (6)  will  be  reduced  to  two-dimensional  one  if  a  layer  thickness  A1  corresponds  the  condition  I(x,y,l)«I(x  y) 
at  le(lo±Al).  Then 
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(7) 


sin29  ff(xl'x+yl'y)^dy 

"  2©  JJidxdy 

where  co  -  angular  frequency  of  light. 

Supposing  JJ(xI,  +  yly  )dxdy  =  -  jj2Idxdy  we  shall  receive; 

sin  26 
”  <a 

The  polarizing  moment  L  (8)  versus  ellipticity  (3=tge  for  o=  3  •  1 0  s'* 

ratio  of  small  and  large  semi-axis  components  of  a  polarization  vector. 


(8) 

is  shown  on  Figure  1.  The  P  was  determined  as  the 


Fig.  1.  Dependence  of  a  polarizing  moment  L  on  an  ellipticity  of  polarization  p. 

Thus,  the  rotary  moment  M  on  the  part  of  elliptically  polarized  light  that  effects  a  particle  of  the  radius  r  and  the  absorptive 
ability  a,  trapped  by  a  laser  beam  of  a  radius  w(z)  and  power  P,  is  described  by  the  formula 


M  = 


Pa  2p 


1-exp- 


-2r^ 

w'(z)^ 


(9) 


3.  EXPERIMENT 

The  experimental  setup  for  the  real  time  rotation  of  particles  is  shovra  on  Figure  2.  He-Ne  laser  (LGN-215)  (1)  was  used 
with  the  maximum  power  output »  70  mW.  To  perform  the  single-beam  gradient  optical  trap  the  laser  beam  was  directed  by 
the  beam  splitter  (6)  into  the  polarization  microscope  MIN-8  with  an  immersion  microobjective  (90x,  NA=1.25)  (7).  For  an 
image  plane  adjustment  with  a  focal  plane  of  the  microobjective  the  assembling  lens  (5)  with  a  focal  length  of  0.1  m  was 
placed  in  the  front  of  the  microobjective.  This  system  allows  forming  a  laser  beam  with  a  waist  diameter  about  1.5  microns. 
The  maximum  power  of  focused  light  irradiating  a  particle  was  10  mW.  Suspended  in  spirit  Teflon  particles  (diameter  0,5 
microns)  were  used  as  absorptive  particles.  These  particles  form  larger  particles  of  the  various  sizes  and  shapes  by  mean  of 
the  agglutination.  The  dredge  of  these  particles  was  placed  in  cell  (8).  The  frequency  of  trapped  Teflon  particles  rotation  in  a 
focal  point  of  a  Gaussian  laser  beam  was  measured  for  various  degrees  of  an  ellipticity  of  polarization  of  an  irradiating 
beam  after  installing  of  a  fixed  mode.  For  the  real  time  control  of  the  polarization  degree  the  liquid  crystal  modulator 
(LCM)  (3)  working  on  S-effect  [10]  was  developed.  The  nematic  liquid  crystal  1348  with  a  birefringence  An=0.227  for 
A.=0.6328  pm  was  used  in  this  modulator.  The  modulator  was  placed  on  an  optical  axis  before  a  lens  (5).  The  modulator  was 
controlled  by  the  low-frequency  generator  (4).  The  initial  orientation  of  the  director  of  a  layer  LC  was  45  in  relation  to 
polarization  of  an  incident  radiation. 
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Fig.  2.  The  experimental  setup:  1  -  He-Ne  laser;  2  -  mirrors;  3  -  LCM;  4  -  low-frequency  generator;  5  -  assembling  lens; 

6  -  beam  splitter;  7  -  microobjective;  8  -  cell  with  particles. 

On  Figure  3  the  fragment  of  the  dependence  of  the  intensity  of  passing  through  LCM  laser  beam,  located  between  crossed 
(X)  and  parallel  (II)  polarizes  on  the  supplied  control  voltage  of  10  kHz  frequency  is  shown.  This  fragment  of  the 
dependence  is  the  most  convenient  for  using  in  the  experiments  because  of  smaller  sensitivity  relative  to  controlling  voltage. 
From  this  graph  the  state  of  light  polarization  behind  the  modulator  was  determined. 


Control  voltage,  V  Control  voltage,  V 

Fig.  3.  The  characteristic  LCM,  removed  in  crossed  -  X  Fig.  4.  The  dependence  of  a  degree  of  an  ellipticity  of 
and  parallel  -  II  polarizers  polarization  of  light,  past  through  LCM,  on  the  control 

voltage. 

The  control  voltage  about  3  V  and  4  V  corresponds  to  circularly  polarized  light  and  about  3.5  V  -  linearly  polarized.  The 
polarization  of  the  light  passing  through  was  varied  from  circular  up  to  linear  by  mean  of  the  LCM  control  voltage  variation. 
And,  accordingly,  frequency  of  rotation  of  the  trapped  particle  was  varied.  On  Figure  4  the  dependence  of  the  polarization 
ellipticity  of  the  light  passing  through  LCM  on  control  voltage  is  shown  for  a  selected  part  of  the  curve. 

On  Figure  5  dependence  of  the  rotation  frequency  of  a  Teflon  particle  on  control  voltage  on  LCM  is  shown.  The  rotation 
was  observed  up  to  a  full  stop  of  a  particle.  A  particle  stayed,  when  the  angular  momentum  became  insufficient  or  other 
particle  adhered  to  it.  On  a  voltage  from  2.8  V  up  to  3.5  V  the  particle  rotated  clockwise  with  maximum  speed  at  control 
voltage  equal  2.91  V.  With  further  voltage  increasing  to  the  state  of  linear  polarization  (3.5  V)  and  higher,  the  particle  began 
to  rotate  counter-clockwise  and  the  maximum  rotation  rate  was  achieved  at  controlling  voltage  equal  4.015  V.  Using  the 
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data  shown  on  Figures  4  and  5,  it  is  possible  to  obtain  the  experimental  dependence  of  rotation  frequency  of  a  Teflon 
particle  on  ellipticity  of  polarization  of  laser  radiation  (Fig.  6). 


Voltage  control,  V 
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Fig.  5.  The  dependence  of  frequency  of  rotation  on  Fig-  6-  The  dependence  of  the  frequency  of  rotation  of  a 

control  voltage:  1  -  rotation  clockwise;  2  -  rotation  Teflon  particle  on  a  degree  of  an  ellipticity  of 

counter-clockwise.  polarization  of  the  laser  radiation. 
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ABSTRACT 

We  describe  an  optical  image  restoration  by  using  holographic  filtering  and  photorefiractive  four-wave  mixing.  A  beam 
generated  by  four-wave  mixing,  that  is,  the  phase  conjugate  beam,  reads  a  hologram  recorded  by  a  blurred  image  and  blur 
fimction,  where  the  four-wave  mixing  process  is  influenced  by  an  erase  beam  which  has  the  information  of  the  blur 
fimction.  We  calculate  the  generation  efficiency  of  the  phase  conjugate  beam  and  show  that  the  amplitude  of  the  phase 
conjugate  beam  can  be  inversely  proportional  to  the  intensity  of  the  erase  beam.  We  also  simulate  the  image  restoration 
by  preparing  sample  images  and  show  that  the  blur  effect  can  be  removed  from  the  distorted  image  by  this  method. 
Keywords:  photorefractive,  four-wave  mixing,  image  restoration,  deconvolution,  holographic  filtering 

1.  INTRODUCTION 

Optical  information  processing  by  means  of  the  Fourier  transform  has  been  actively  studied  and  many  applications  of  this 
kind  of  processing  have  been  proposed  Spatial  filtering  techniques  using  the  holograms  and  the  Fourier  transforms 
have  been  employed  in  various  apphcations  such  as  the  joint  transform  correlation,  associative  memory,  and  image 
encryption.  Especially  image  restoration  removing  the  distortion  from  a  blurred  image  has  been  widely  discussed  and 
improvements  in  this  technique  have  been  reported 

Optical  image  restoration  requires  a  filter,  so-called  inverse  filter,  whose  amplitude  transmittance  is  inversely 
proportional  to  the  power  spectrum  of  the  blur  functioa  Such  a  filter  can  be  obtained  by,  for  example,  preparing  a 
suitable  photographic  film  by  the  appropriate  exposure,  development,  and  fixing  processes  But  the  time  taken  to 
complete  all  of  these  processes  is  of  the  order  of  minutes.  This  is  so  long  that  a  filter  prepared  by  this  way  is  of  little  use 
in  real-time  image  restoration.  It  has  recently  become  possible  to  obtain  the  desired  image  quality  by  using  image 
detectors  and  computers  but  even  efficient  algorithms  and  high-performance  computers  caimot  always  restore  large 
images  quickly  enough  when  high  resolution  is  needed. 

Photorefractive  effect  has  attracted  much  interest  because  of  its  potential  in  recording  holograms  in  real-time,  and 
many  applications  of  photorefractive  effect  have  been  proposed  Four-wave  mixing  using  a  photorefractive  medium 
is  one  of  tlie  methods  to  generate  the  phase  conjugate  beam,  and  detailed  investigations  on  generating  the  phase  conjugate 
beam  have  been  done.  The  amplitude  of  a  phase  conjugate  beam  is  known  to  decrease  when  a  beam  incoherent  to  any 
other  beams  used  in  the  four-wave  mixing  process  is  applied  to  the  photorefractive  medium  This  incoherent  beam  is 
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called  the  erase  beam  because  it  attenuates  the  amplitude  of  the  grating  induced  by  the  four-wave  mixing  in  the 
photorefractive  medium.  If  the  decrease  in  the  amphtude  of  the  phase  conjugate  beam  is  inversely  proportional  to  the 
intensity  of  die  erase  beam,  photoreftactive  four-wave  mixing  can  be  used  as  a  function  of  the  inverse  filter  and  the  image 
restoration  will  be  advanced  to  the  real-time  processing.  Besides  the  four-wave  mixing  process  has  an  advantage  over 
computational  techniques  because  the  response  time  is  independent  of  the  size  and  resolution  of  the  unage  to  be  treated. 

In  tiiis  paper  we  show  that  photorefractive  four-wave  mixing  is  useful  for  real-time  image  restoration  when  the  Fourier 
transform  of  the  blur  function  is  used  as  the  erase  beam.  We  derive  an  expression  for  the  amphtude  of  the  phase 
conjugate  beam  and  perform  the  numerical  estimation  to  determine  the  required  range  of  the  intensity  of  the  erase  beam  in 
which  the  amplitude  of  the  phase  conjugate  beam  is  inversely  proportional  to  the  intensity  of  the  erase  beam.  We 
indicate  an  optical  setup  for  the  image  restoration  by  using  the  four-wave  mixing  and  show  the  result  of  simulation  of  the 
image  restoration. 


2.  PHOTOREFRACTIVE  FOUR-WAVE  MIXING 

A  schematic  drawing  of  photorefractive  four-wave  mixing  is  shown  in  Fig.  1,  where  is  the  probe  beam,  is  the 
forward  pump  beam,  A^  is  the  backward  pump  beam,  and  A^  is  the  phase  conjugate  beam.  The  beams  are  mutually 
coherent,  but  only  interference  between  A^  and  A2  arid  interference  between  A^  and  A^  are  taken  into  consideration, 
because  we  assume  here  that  the  crossing  angles  between  the  other  pair  of  beams  are  so  large  that  the  photorefractive 

effects  induced  by  interference  between  tiiose  pairs  are  so  weak  as  to  be  neghgible”.  The  beam  A^  is  the  erase  beam, 

which  does  not  interfere  with  any  other  beams  and  attenuates  the  induced  photorefractive  grating.  z  =  0  and  z  =  L 
represent  the  boundaries  of  the  medium. 

This  four-wave  mixing  process  can  be  described  by  a  well-known  set  of  equations: 


dz  2(/o+/J 

(la) 

(z)A,  (z)‘  +  4  (z)A,  (z)‘ } 

dz  2(Ig+/J 

(lb) 

"^(z)-  +Mz)AA^y} 

dz  2(/o+/.) 

(Ic) 

: {4. (^)^2 (^)*  +  ^3 (^^4 (^)* }’ 
dz  2(/(,+/J 

(Id) 

where  /  =^/  •  ~  f  ’  ^  is  the  coupling  coefficient  for  the  interaction  between  the  beams. 

Uie  asterisks  denote  complex  conjugates.  Although  any  Aj  (y- 1-4)  is  a  function  of  z,  is  independent  of  z 
A  given  /,  is  also  constant  for  any  value  of  z  because  the  erase  beam  simply  passes  through  the  medium.  The 
coupling  coefficient  is  in  general  a  complex  number,  but  it  can  be  a  real  number  if  no  external  field  is  apphed  to  the 
medimn.  In  the  photorefractive  four-wave  mixing  process,  both  pairs  of  A^  and  /I, ,  and  A^  and  A^  contribute  to 
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writing  the  photorefractive  grating.  However  we  assinne  here  that  the  pair  of  v4,  and  A2  is  dominant  in  writing  the 
grating,  and  adopt  the  condition  of 

in  Eqs.  (la)-(ld)  When  each  beam  is  described  as  Aj  (z)=  .^/^.(z)exp{(p^.  (z)}  fory-l,  2,  3,  4,  and  e,  we  obtain 


A,iz)  = 


A(z)  = 


m  +  exp 


/,(QXi+^) 

(l  +  ffzW 

p - - - — 

1  +  m  +  n  +  mr. 


1  +  /Kexp 


(l  +  m))Z 
l  +  m  +  n  +  mr 


exp{/(p2(0)} 


A,  (z)  =  p/,  (0)exp{/(p3  (Z)}cos{v(z)} 

V  m 

A,{z)= ,  (0)  exp{-  z(p,  (0)}exp[z{(p2  (O) + (p,  (Z,  )}]sin{v(z)}, 


where 


v(z)=tan"'  Vwexpj — — |  -tan’’  Vwexpj 
^  ^  [  [l  +  zw  +  «  +  znrJJ  [  [l  +  /n  +  z7  +  /«r„ 

^_A(o) 

m  = - 7— r 

/^(o) 


and  (p.  is  the  phase  of  the  j-th  beam.  In  deriving  Eqs.  (3a)-{3d),  we  have  assumed  that  the  incident  intensities  of  the 

probe  beam,  forward  pump  beam,  and  backward  pmnp  beam  on  the  medium  are  already  known  and  are  respectively 
represented  by  /, (O),  72(0),  and  We  have  also  adopted  a  boundary  condition  for  the  phase  conjugate  beam 

/,(!)=  0. 
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Figure  1.  Schematic  drawing  of  photorefractive  four-wave  mixing 


3.  NUMERICAL  ESTIMATION  OF  FOUR-WAVE  MIXING 
We  calculate  the  relation  between  the  amphtude  of  the  phase  conjugate  beam  and  the  intensity  of  the  erase  beam.  Here 
we  use  criteria  analogous  to  the  ones  used  to  describe  the  characteristics  of  photographic  films,  the  photographic  density 
and  the  photographic  development  factor. 

In  the  case  of  photographic  films,  the  relation  between  the  incident  intensity  /.^  and  the  transparent  intensity  I 
for  a  film  after  development  depends  on  the  exposure  E  of  the  film.  This  relation  is  generally  represented  as  a 
photographic  characteristic  curve  by  plotting  the  photographic  density  £)  =  log  (/,„//,,.)  against  log(£’) .  The 
inclination  of  the  linear  portion  of  the  photographic  characteristic  curve  is  the  development  factor,  so-called  gamma. 
When  the  value  of  the  development  factor  is  2,  the  amplitude  transparency  of  the  film  after  development  is  inversely 
proportional  to  the  intensity  used  to  expose  the  film.  In  this  case,  by  using  the  Fourier  transform  of  the  blur  function  of 
the  distorted  image  to  expose  the  photographic  film,  we  can  obtain  the  inverse  filter  used  in  image  restoration. 

In  the  case  of  photorefractive  four-wave  mi.xing,  the  relation  between  the  incident  intensity  of  the  probe  beam  (O) 
and  the  generated  intensity  of  the  phase  conjugate  beam  (O)  depends  on  the  ratio  of  tlie  erase  beam  intensity  to  the 
probe  beam  intensity  described  in  Eq.  (4d).  Therefore  we  define  a  criterion  correspondent  to  the  photographic 


density  D  as 


By  plotting  against  log(/;  ),  we  can  obtain  the  value  of  the  inclination  of  the  curve  as  y ph  which  is  analogous  to 
the  development  factor  gamma.  The  calculated  result  of  Dp^  against  Iog(r^ )  is  shown  in  Fig.  2,  where  the  values  of 
m ,  «  ,  and  are  respectively  given  as  1,  0.1  and  1,  and  the  value  of  /,(0)  is  given  as  1  for  normalization.  The 
inclination  of  this  curve  was  calculated  and  is  shown  in  Fig.  3.  We  note  that  the  value  of  becomes  2  in  the  range  of 
log(/'.  )>  2.5  ,  or  I^>  10"^ .  By  using  the  Fourier  transform  of  the  blur  function  of  the  distorted  image  as  the  erase 
beam  and  maintaining  the  condition  >  10^^  we  can  employ  tlie  four-wave  mixing  as  the  inverse  filter  for  image 


restoration. 
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Figure  2.  The  intensity  of  phase  conjugate  beam  against  the  intensity  of  the  erase  beam. 


4.  IMAGE  RESTORATION 

The  optical  setup  for  the  unage  restoration  employing  photoreffactive  four-wave  mixing  is  shown  in  Fig.  4.  Figure  4(a) 
is  the  writing  process  of  a  hologram  and  (b)  is  the  reading  process  of  the  hologram.  Photorefractive  four-wave  mixing  is 
used  in  the  reading  process.  In  these  figures,  we  respectively  represent  the  amphtude  transparencies  proportional  to  the 
blurred  image  and  blur  function  as  g  and  A  ,  where  g  is  given  by  the  convolution  of  the  original  object  o  sad  h  . 
The  amphtude  transparency  of  the  recorded  hologram  is  proportional  to  \aG+bHf ,  where  G  and  H  is  the  Fourier 
transforms  of  g  and  h ,  and  a  and  b  are  complex  constants  dependent  on  the  locations  of  the  images. 
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In  the  reading  process  of  the  hologram,  we  use  the  Fourier  transform  of  h  as  the  erase  beam  to  the  four-wave  mixing. 
When  the  intensity  of  the  erase  beam  keeps  the  condition  indicated  in  Fig.  3,  the  amplitude  of  the  phase  conjugate  beam  is 

inversely  proportional  to  the  intensity  of  the  erase  beam  |/f  ^ .  The  amphtude  of  the  phase  conjugate  beam  after  passing 
through  the  hologram  is  proportional  to 

\aG  +  bH\^\H\-^  =  jaGf  +]pHf+abG'H  +  ab'GH']H\-\  (5) 

where  the  asterisks  denote  the  complex  conjugate.  Since  the  Fourier  transform  of  g  is  given  by  G  =  OH ,  the  fourth 
term  of  Eq.  (5)  is  ah‘0 ,  and  the  Fourier  transform  of  this  term  yields  the  original  object  o  Although  the  constant 
ab’  accompanies,  this  constant  will  only  shift  the  location  at  which  the  object  o  appears  and  will  not  affect  its  quality. 
Thus  tlie  original  object  o  can  be  restored  from  the  distorted  image  g. 


four-wave  mixing 

(b) 


Figure  4.  Schematic  drawing  of  image  restoration,  (a)  Writing  process,  and  (b)  reading  process  of  hologram. 

5.  SIMULATION 

We  simulate  tlie  image  restoration  based  on  our  method  with  the  sample  images  shown  in  Fig.  5.  Figures  5(a),  (b),  and 
(c)  are  respectively  the  distorted  image  g ,  tlie  blur  function  A ,  and  the  original  object  o  ,  where  h  lias  a  Gaussian 
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profile  and  g  is  given  by  the  convolution  of  o  and  /i .  The  Fourier  transforms  of  g  and  /z  are  recorded  as  a 
hologram,  and  the  hologram  is  read  by  the  beam  coming  from  photorefractive  four-wave  mixing  in  which  the  Fourier 
transform  of  h  is  used  as  the  erase  beam.  The  condition  of  four- wave  mixing  assumed  for  calculation  is  the  same  as 
that  used  in  Fig.  2;  m^\,  «  =  0.1,  and  yL^\.  We  also  use  the  normalized  intensity  /i(o)  =  l. 

We  define  7^  as  the  intensity  of  a  beam  used  to  illuminate  h  in  Fig.  4(b).  The  restored  images  are  shown  in  Fig.  6, 
where  (a),  (b),  and  (c)  correspond  to  the  cases  of  /a=10^  10‘,  and  lO’,  respectively.  Figure  7  is  a  schematic  drawing  of 
the  relation  between  the  power  spectrum  of  h  denoted  by  the  solid  line  and  the  required  intensity  of  the  erase  beam 
I  =:10^^  denoted  by  the  dotted  lines,  where  the  dotted  lines  A,  B,  and  C  respectively  correspond  to  the  cases  of  /^=10^ 
10®,  and  10^  In  the  case  of  Fig.  6(a),  the  power  spectrum  of  the  erase  beam  is  under  the  line  A  and  an  accurate  image 
restoration  is  not  performed.  In  the  case  of  Fig.  6(b),  part  of  the  power  spectrum  is  over  the  line  B.  Image  restoration 
for  this  part  is  carried  out  and  the  structure  of  the  object  slightly  appears.  In  the  case  of  Fig.  6(c),  most  of  the  power 
spectrum  is  over  the  line  C,  and  the  structure  of  the  original  object  emerges  rather  clearly.  But  even  in  this  case,  the 
restored  image  is  not  completely  the  same  as  the  original  object  o ,  because  the  region  of  high  spatial  frequency  is  still 
under  the  line  C  and  an  accurate  restoration  is  not  performed  for  this  portion.  If  the  intensity  used  to  illuminate  h  in  Fig. 
4(b)  becomes  larger,  the  region  of  spatial  frequency  for  accurate  image  restoration  extends  due  to  the  lowering  of  the 
relative  position  of  the  dotted  line  in  Fig.  7,  and  a  more  clearly  restored  image  will  be  obtained. 


(a)  (b)  (c) 

Figure  5.  Sample  images  for  simulation,  (a)  original  object,  (b)  blur  function,  (c)  distorted  image. 


(a)  (b)  (c) 

Figure  6.  Simulation  result  of  image  restoration.  The  blur  function  h  in  Fig.  4(b)  is  illuminated  with  the  intensity  (a) 

/^=10^(b)  10®,and(c)  lO’. 
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Spatial  frequency 

Figure  7.  Schematic  drawing  of  the  relation  between  the  power  spectrum  of  the  blur  function  and  the  required  intensity 

of  the  erase  beam  for  accurate  image  restoration. 

6.  CONCLUSION 

We  have  attempted  to  use  photorefractive  four-wave  mixing  in  image  restoration  as  a  function  of  the  inverse  filter  used  in 
tlie  reading  process  of  the  recorded  hologram.  We  have  shown  that  the  amplitude  of  the  generated  phase  conjugate  beam 
can  be  inversely  proportional  to  the  intensity  of  the  erase  beam  when  the  intensity  of  the  erase  beam  is  much  stronger  than 
other  beams  contributing  to  four-wave  mixing  process.  We  have  simulated  the  image  restoration  by  our  method  and 
shown  that  the  structure  of  the  object  gradually  emerges  as  the  intensity  of  the  erase  beam  increases. 
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and  the  phase  transfer  function  in  an  adaptive 
optical  system  for  earth  observation 

A.  J.  Smirnov''  and  A.  B.  Utkin* 

“  Universidade  da  Beira  Interior,  Covilha  6200,  Portugal 
*  Institute  for  Laser  Physics,  St.  Petersburg  199034,  Russia 


ABSTRACT 

We  demonstrate  how  to  correct  odd-order  aberrations  (tilt,  coma,  etc.)  of  the  imaging  system  on  the  basis  of  infoi^tion 
containing  in  the  phase  transfer  function.  For  earth-observation  systems  this  information  can  be  obtained  just  by 
accumulation  of  the  detected  images,  without  source  of  the  reference  beam  or  wavefront  detector.  This  technique  is 
beneficial  for  elaborating  robust  equipment  for  long-term  operation  in  autonomous  conditions. 

Keywords:  remote  sensing,  adaptive  optics,  wavefront  correction,  Fourier  optics,  wave  aberration,  optical  transfer 
function,  pupil  function. 


1.  INTRODUCTION 

According  to  the  principles  of  the  wave  optics,  the  phase  distortion  of  an  initially  plane  transverse  reference  wave  by  an 
optical  system  can  be  quantitatively  represented  by  the  wave  aberration  function  'F  describing  the  phase  distribution  at 
the  exit  pupil  plane  XY .  Thus,  in  the  presence  of  wave  aberrations  the  generalized  pupil  Junction^  P(x,y)  is 

characterized  by  the  complex  value 

P(x.y)^A(x.y)e‘’^^^'y'^  (1) 

where  the  amplitude  A(x,y)  is  xmity  inside  and  zero  outside  the  pupil  aperture.  The  distorted  wavefront  produces  the 
coherent  impulse  response  Hf,(xi^,yi„)  in  the  image  plane 


Hc(Xi^,yirn)  =  ^ 


2n  / 
-‘T-W' 


x+yimy) 


dxdy 


ei  -00 


(2) 


where  A  is  the  operating  wavelength  of  the  image  detector,  Zg,-  is  the  distance  between  the  exit  pupil  and  the  image, 
and  Ac  is  a  constant  amplitude. 


Optical  properties  of  the  incoherent-light  imaging  system  is  defined  by  the  light  intensity,  rather  than  the  amplitude, 
distribution  at  the  image  plane,  that  is,  by  the  incoherent  {intensity)  impulse  response  H ( X/^  ,yi„  ) 


Xim>yim)  ~  \P^c(^im’yim)\  ~  c( Xim>yim )^c(^im’yim) 

The  complex  optical  transfer  function  (OTF)  H f  is  defined  in  the  space  of  the  spatial  frequencies  m  and  v  along 
and  axes  as  a  Fourier  image  of  the  impulse  response 
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(4) 


Hf(u.v) 


— OO 

+  00 

\\H(Xi„.yi„)dXi„dyi^ 


This  function  can  be  represented  in  the  modulus-argument  notation  as  follows 

Hf(u,v)  =  B(u.v)e''^^“-'’^  B(u,v)  =  \H(u,v;^,  0(u,v)  =  arg{H(u,v))  (5) 

where  the  real  functions  B(u,v)  and  ^m,v)  are  referred  to  as  the  modulation  transfer  Junction  and  the  phase  transfer 
function  respectively  (for  detailed  discussion  on  the  above  definitions  see  Ref.  1  and  references  therein). 

As  it  has  been  shown  previously,^  the  phase  transfer  function  may  be  obtained  without  additional  measuring 
equipment,  just  via  the  statistical  analysis  of  spatial  spectra  of  the  sufficiently  large  set  of  monochromatic  images 
produced  by  the  optical  system  in  question.  Being  separated  fi-om  the  initial  wave  aberration  function  F  by  rather  long 
chain  of  transforms  (2)-(5),  the  phase  transfer  function  still  contains  some  information  about  the  phase  distortions 
introduced  by  the  optical  train.  Thus,  it  is  possible  to  create  veiy  simple  adaptive  control  loop  that  uses  this  information 
for  improvement  of  the  imaging  quality.  In  principle,  such  a  loop  consists  of  nothing  but  a  numerical  processor  that 
anal5fzes  the  output-channel  information,  restores  the  wave  aberration  function,  and  finally  constructs  a  set  of  the  driving 
signals  for  the  adaptive  optical  element.  Neither  the  source  of  the  reference  beam  nor  the  wavefi-ont  sensor  is  needed. 
Application  of  this  technique  would  be  extremely  beneficial  for  robust  autonomous  systems,  such  as  aircraft-  and 
satellite-based  optical  trains  for  earth  observation. 

The  straightforward  algorithm  for  the  wave  aberration  restoration  is  based  upon  representation  of  IP  as  a  finite  set  of 
conventional  aberration  terms  described  mathematically  by  the  Zemike  polynomials 


lP(x. y)  =  f'p (r. <z»)  =  E Z  K.mZn  {r> <P)  (6) 

n  m 

where  f'p{r,(p)  is  representation  of  JP{x,y)  in  polar  coordinates  r,(p  derived  firom  the  initial  Cartesian  system  XY , 
The  first  ten  Zemike  polynomials  are  depicted  in  Table  1. 


Then  some  initial  values  of  the  sought  coefficients 


are  specified  and  corresponding  phase  transfer  ftmction 


d^^^u.v)  is  constructed  with  the  help  of  relations  (2)-(5).  The  set  of  desired  coefficients  to  the  expansion  (6)  (and, 
correspondingly,  estimation  to  the  wave  aberration  function)  is  obtained  in  the  course  of  iterative  variations 

I  I  ^  I  ^k)  ^  ^k-\)  ^  ^  ^k)  I 

of  the  initial  set  in  order  to  minimize  some  criterion  function  S  =  })  that  is  the  measure  of  difference  between 

the  constructed  dependence  and  the  phase  transfer  function  <P(m,v)  obtained  by  statistical  analysis  of  the 

detected  images.  The  classical  example  implies  combination  of  the  mean-square  criterion  function 


J|  {^^^{u,v)- <p(«,v)]P  dudv 


(8) 


and  the  gradient  method  for  the  coefficient  variation  (7). 

It  should  be  noted,  however,  that  applicability  of  the  above  straightforward  numerical  methods  needs  additional 
theoretical  proof,  as  there  is  no  confidence  in  the  fact  that  all  information  about  the  initial  wave  aberration  is  preserved 
in  the  phase  transfer  function  after  the  chain  of  transformations  (2)-(7).  The  second  (complex  modulus)  and  the  last 
(complex  argument)  irreversible  operations  are  a  priori  suspicious  in  point  of  the  information  loss.  It  is  revealed  in  poor 
convergence  of  the  iterative  process  (7)  and  unsatisfactory  accuracy  of  the  final  result.  These  shortcomings  cannot  be 
cured  with  intricate  numerical  techniques  as  they  are  originated  from  the  underlying  physics.  As  a  result,  for  the  case  in 
question  unconcerned  application  of  the  standard  variational  methods  leads  to  ineffective  control  algorithms  and 
dysfunction  of  the  adaptive  control  loop  as  a  whole. 
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In  the  present  work  we  derive  a  quadrature  formula  that  links  the  wave  aberration  function  and  the  phase  transfer 
function  of  the  imaging  system  with  the  circular  pupil.  Analysis  of  this  relation  with  respect  to  the  information  loss 
enables  us  to  evolve  a  subset  of  the  conventional  aberration  terms  that  effectively  add  to  the  phase  transfer  function. 


Table  1.  First  ten  Zemike  polynomials 


m  =  0 

m  =  ±l 

m  =  ±2 

m  =  ±3 

n  =  0 

name 

piston 

angular  part 

1 

radial  part  (  ) 

1 

grayscale  plot 

n 

n  =  1 

name 

tilt 

angular  part 

(+)  cos  <p 
(-)  sin  (p 

radial  part  ( ) 

r 

_ _ 1 

grayscale  plot 

i 

n  =  2 

name 

defocus 

astigmatism 

angular  part 

1 

(+)  cos{2p) 
{-)sin[2g?) 

radial  part  ( ) 

2r^-l 

grayscale  plot 

• 

n  =  3 

name 

lateral  coma 

three-leaf  clover 

angular  part 

(+)  cos  (p 
(-)  sin  (p 

(+)  cos{3g)) 

radial  part  ( ) 

3r^-2r 

grayscale  plot 

(* 
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2.  BASIC  RELATION 

Substituting  (2)  into  (3)  yields  the  explicit  relation  for  the  impulse  response 

^(^im’yim)  ~  ^c(^m‘yim)^c(^im’yim) 


^  ^ei  -« 


dx^dy^dzidyi 


and  the  OTF 


'2^;m  »2^i„ 


dx^dyi  dx2dy2  dxi„dyi, 


where  Af  is  the  scaling  coefficient  defined  by  (4)  so  that  /fy(0,0)  =  l.  Using  the  well-known  Fourier-integral 
representation  of  the  Dirac  delta  function 


rw 

\^^^^dx  =  S{g) 


one  has 


Hf(u,v)  =  Af  jfjjA(xi.yi)A{x2,y2)e‘^^^'‘'’^'^'^^'‘^-^^^^  S  8  v  dx^dy^  dx2dy2  (12) 

_Q0  V  y  \  ^ei  y 

Change  of  variables  X2  y2  ^  leads  immediately  to 

^ei  ^ei 

-00 

Employing  the  relation  i/y(0,0)  =  l  yields 

^  +00  'i  '  f  +00  ^  ^  1 

Af=£'zli\\A^(x,y)dxdy  =  J^z^  \\A(x,y)dxdy  =  22^ 

-00  y  \  -oo  )  ^  ^ei^p 

where  Sp  is  the  area  of  the  exit  pupil.  Thus,  the  basic  relation  between  the  wave  aberration  function  ^{x,y)  and  the 
OTF  H f{u,v)  takes  the  form 

Hf(u.v)  =—"\\A(x.y)A{x  +  Az,^u.y  +  A2,i^;)M^’y'^'^^^^^^>^^^^^  (15) 

-00 

Change  of  variables  x  i->  x  -  ^Az^iU,  y\^  y-  enables  us  to  write  the  symmetric  expression 

1  +«>  1  1  (  \  1  > 

Hf(u,v)  =  —  J|  A(x--AzeiU,y--AzeiV)A  x+-JteiU.y  +  -Az^-v 

^  ^  ^  ^  ^  (16) 
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3.  OPTICAL  TRANSFER  FUNCTION  FOR  IMAGING  SYSTEM  WITH  CIRCULAR  PUPIL 


For  the  imaging  system  with  circular  exit  pupil  of  the  radius  R  the  amplitude  part  of  the  pupil  function  is 

0  for  f  <  0 

1 1/2  for  $-=0  (17) 

1  for  $•  >  0 

To  evaluate  further  the  OTF,  we  must  explicitly  represent  (16)  as  an  integral  over  the  actual  domain  of  integration, 
which  is  the  intersection  of  two  circles  shown  in  Fig.  1.  To  do  this,  let  us  first  express  the  OTF  via  dimensionless  polar 
coordinates  of  the  spatial  frequencies  p,a  as  follows 


A(x,y)  =  h 

1 

R 

%)  =  • 

1  / 

2R  2R 

u  = - pcosa,  v  = - psina 


(18) 


and,  then,  pass  to  the  dimensionless  Cartesian  coordinates 
^  X  y  .  X  .  y 

£  =  — cosa  +  —sina,  n  = - sina  +  —cosa  (ly) 

^  R  R  '  R  R 

that  coincide  with  the  axes  of  symmetry  to  the  domain  of  integration  (see  Fig.  1.).  Now  H  can  be  represented  via 
its  polar-coordinate  coimterpart  H fp{p, a)  as  follows 
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^  -4\-p^  -{Jl-r;^-p^ 

"  °  {J^-p] 

+  1  I  ^  eK’f'M--P'P)-^M'P-’^))d^d;7 

^-yjl-p^  -^l-r/^-p^ 


where 


9'aii,p,^)  =  ^(x  =((#+ />)cosar-  7sinar)i?,  y  =  (Q^+ pjsin a + //cos a}R  )  (21) 

and  /7  is  supposed  to  vary  within  the  range  0  <  /?  <  1  as  for  p>l  the  area  of  the  integrand  carrier  is  zero,  so  the  value 
of  Hjp{p,a)  is  also  zero.  Change  of  variables  -7,  ^i->  in  the  last  integral  leads  us  to 

Hfy {p,a)  =  dTJ 

r^^  F-T  ^  (22) 

^  °  {J^-P] 

Combining  two  integrals  into  one,  we  get  representation  of  the  OTF  in  the  dimensionless  polar  coordinates  that  possess 
more  symmetry  than  initial  expression  (16) 


"  °  i^-p] 


4,  REPRESENTATION  OF  OPTICAL  TRANSFER  FUNCTION  VIA  ABERRATION 

TERMS 

To  investigate  the  linkage  between  the  OTF  and  the  aberration  terms  representing  phase  distortion  at  the  exit  pupil  plane, 
we  should  first  pass  to  the  polar-coordinate  representation 


•F{x,y)=f'p  r  = 


, (p  =  arg(x  +  iy)\  =  'Ll.KmZn  9) 


where  r,(p  are  dimensionless  polar  coordinates  of  the  point  x,y  and  Z^(r,p)  are  the  Zemike  polynomials,  n<0, 
-n<m<n,  n  -  |ot|  is  even.  There  are  several  representations  of  the  Zemike  polynomials  reported  in  literature;  in  order 
to  avoid  nested  complex-number  notation,  here  we  use  the  real-valued  form 

R^{r)cos{mp)  for  w>0  ^  (- 1)*  (« -  i'll 

(nl  V.L 

i?|,”’l(r)sin(7M^)  for  m<0  - k  ! - k  ! 


Explicit  form  of  the  expansion  (24)  is 


(26) 


'Fp  [r,  <p)  =  (r,  f>)  +  Fo  (r, 

VeM=  Z  £  yoM=  t  S  (^<^) 

„=0  m=-n  '1=0  m=-n-l 

One  can  check  by  direct  calculations  or  geometrical  constructions  based  on  Fig.  1  that  the  phase  components  presenting 
in  the  integrand  of  the  relation  for  the  OTF  (23)  are  expressed  in  terms  of  polar-coordinate  function  Fp  {r,  (p)  as  follows 

Fai^-p.rj)  =  F{^^-p)cosa-T}sina)R,{^4-p)sina+Tjcosa)R)  =  Fp{r_,<pS) 

FcX4,p,tj)  =  F{!^^+p)cosa-Tjsina)R.^+p)sina  +  T}cosa)R)  =  Fp{r^.,p+) 

Fa{-^,p-7j)  =  F[-{{4-p)cosa-?]sina)R,-{i4-p)sina+Tjcosa)R)  =  Fp{r_,^_+7v) 

=  F{-^^+p)cosa-T}sina)R,-ii4+p)sina+Tjcosa)R)  =  Fp{r^.<pj,+  ^) 

where  r^.  =  V(?±7jw.  <p^  =  arg{^±  p+ir/)+ a.  Thus  we  get  the  following  representation  of  the  OTF  in  terms  of 
the  classical  aberrations 

1  ~P  i  (_  _  „  r.  _  \  „  i.  „\_v  ^  n 


H  {pa)  =  —  J  j  ^gf(f'^(r-.^-}+Fo{r.,p_)-^;(r+,(!>+)-F,(r+.(:»J 

^  +^)+^o ('■- 'V-  +«-)-F^(r+,(Z>^. ■vjt'y-vX'r^.q)^  dr] 


Noticing  that 


V,{r.'p  +  ^)=  I  Z  ‘f'2n.2mZ2n{r.<P  +  ^)=  Z  Z  'f'2n.2mR2n  + 

n=0  m=~n  n=0  m=-n  \  \ 


=  Z  Z  ^2«,2m^2"('-r^l2Z))=  I  t  !^2n,2'nZl”’M=VeM 

n=0  m=-n  \Sin\2mp))  „=o  m=-n 


Vo{r,p  +  ;t)=  Y.  Z  'f'2n+\.2m-\-\Z2n+K^>9  +  ^) 

n=0  m=-n-l  ,  //  \  /  \  v 

_  ®  "  ff 2m+i  (  / 1 V + (2'" + If) 

Jom=?n-l  ^5m({2»i  +  l>  +  (2;n  +  l>r)^ 


^  f  y.  „2m+l/  /-co42/n  +  l^  -virm) 


one  can  reduce  (28)  to 


X  (4  )-F,  ('•-  d;/ 

and  get  final  polar-coordinate  representations  of  the  OTF  and  the  phase  transfer  function  via  classical  aberration  terms 


9  Vl  V  -P 

Hfp{p>a)=-  \  J  ^ 
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<P(m,v)=<2>„  p  =  ,ar  =  argiji  +  iv)j 

2a  ) 


Jl-p^  -^1-7^  -/7  .  ,  ^  ^ 

=  a,S  J  J  c»(>'.(''*,«’.)-f;(-'-.^-)>-'<’’”‘''-'‘>-’’-<''-'’->W<i7 

[  »  -(Viv-.)  J 

5.  RESTORATION  OF  THE  WAVE  ABERRATION  FUNCTION 

General  quadrature  formula  (33)  obtained  for  the  imaging  system  with  the  circular  pupil  do  not  provide  explicit  relation 
between  the  phase  transfer  function  0p{p.a)  and  the  wave  aberration  function  f'p{r,p)  that  is  needed  for  data 

processing  in  the  adaptive  control  loop.  However,  the  results  obtained  enable  us  to  make  the  following  conclusions: 

(i)  An  inherent  limitation  is  imposed  into  any  adaptive  control  technique  based  entirely  on  the  phase  transfer  function 
information:  only  odd-order  aberrations  can  be  corrected.  In  the  absence  of  these  aberrations  the  OTF  becomes  purely 
real 

..  -P 

Thus,  in  condition  of  small  phase  perturbations  0p{p,a)=O  while  for  it  jumps  abruptly  between  two  fixed 
values,  0  and  ,  following  the  sign  of  the  OTF. 

(ii)  The  even  aberration  terms  Vg  represent  the  only  inherent  information  loss  in  the  chain  of  transformations  (3)-(5) 
of  the  wave  aberration  function  into  the  phase  transfer  function.  That  is,  in  principle,  in  the  absence  of  noise  and 
detection  discretization  errors  all  remaining  aberrations  can  be  restored. 

To  illustrate  the  latter  statement,  let  us  turn  to  one  more  representation  of  the  phase  transfer  function,  0g{s,a),  this  time 
via  the  variable  s  =  ijl-  fP" 

0  {p.a)=0le  =  ^\-p^. al  (34) 


and  suppose  that  the  wave  aberration  function  can  be  represented  with  enough  accuracy  via  the  first  decade  of  the 
Zemike  polynomials,  that  is 

^0,0  +  'f'l.-iP  sin{2(p)+  -l)+  cos{:i<p) 

Vg  (r,  (p) « 5^ -ir  sin  ^  + 1^5  jr  cos  (p  +  sin{3p)  +  ^3  _i  (3r^  -  Ir^sin  <p  (35) 

+  5^3 1  (3^^  -  Ir^cos  <p  +  ii'3,3r^  cos{3p) 

Then  the  algorithm  of  restoration  of  the  odd-order  terms  (defined  by  their  coefficients  {5^^+i,2//+i|)  to  the  wave 
aberration  function  fi'om  the  phase  transfer  function  0{u,v)  consists  of  the  following  stages: 

(i)  The  dimensionless  coordinate  system  s  e  [0,l],  a  e  [0,2nr]  is  introduced  according  to  formulas  (18)  and  (34) 

e  =  ^jl-p^  =  ^  j(“  ^  ^ 

and  the  initial  phase  transfer  function  0(u,v)  is  represented  in  this  coordinate  system 

0g(s-,a)=  0p[p  =  4l-P  =  </«  =  -  P  cos  a,  v  =  sin  a  (37) 
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(38) 


(ii)  Using  interpolating  procedures  (see,  for  example.  Ref.  3),  the  obtained  function  0g{£,a)  is  expanded  into  the 
Taylor  series  with  respect  to  in  the  vicinity  of  £•  =  0 

0^{£,a)=0o{a)+0i{ay  + 

that  yields  functions  <Z>o(«)  and  <Z^(ar)  of  only  one  argument. 

(iii)  The  above  functions  are  further  reduced  to  a  set  of  six  constant  coefficients 

2/r  1  2jr 

>n(a)sin(3a) da  <Pn^  = 

7t 


1  2^  j 

<Z>0  _3  =  —  J<Z>o  {a)sin{3a)  da  <2>o3  =  —  J<^0  {a)cos{3a)  da 
^0  "^0 

i  2;r  !  \ 

<2>0  _1  =  —  l0Q{a)sina  da  <^o  l  =  —  ]0o[a)cosa  da 
^0  ■  ^  0 

I  2;t  1  \ 

_j  =  —  to  ((3r)s/n  a  da  ^  i  =  —  J  jcosa  da 
^0  '  ^  0 

(iv)  Desired  six  odd-order  Zemike-polynomial  coefficients  are  calculated  according  to  the  formulas 

f'lti  =  -7^ (29<2>o,±i  +  )  ^3,±i  =  ;4(^o,±i  +  )  !^3.±3  =  -|'^o,±3 

48 


(39) 


(40) 


To  prove  the  aberration  restoration  technique  (37)-(40),  note  that  after  the  change  of  variables  Sft, 

expression  for  the  phase  transfer  function  (33)  in  the  vicinity  of  £■  =  0  becomes 


<P^(£-,ar)=arg 


-’'0  _ : 


/O 


.2  ..2 


s  +e  p 


(41) 


-  arctan 


f 

f  X 

sp 

+  a,  p_=  7t-  arctan 

ep 

Jl-S^  +£-V> 

Ji-£^  -£^r, 

+  a 


that  yields  the  expansion 


0As.a)  =  -2V„{la)+^  +o(s^) 


dp 


(42) 


Comparing  (42)  with  (38)  one  gets 


0o{a)  =  -2VAl.a).  =  j 


(43) 


Substitution  of  (43)  into  (39)  and  use  of  explicit  representation  (35)  as  well  as  orthogonality  of  the  angular  terms  lead  us 
to  the  system  of  linear  equations 


<^b,±3  =  -25^3, ±3.  <^0.±l  =  -2K±i  +  ^3,±l).  <^.±1  +29i®'3.±l) 


(44) 


whose  solution  is  represented  by  (40). 

Taking  more  terms  of  the  expansion  (42),  one  can  get  additional  phase  transfer  function  parameters  and, 

correspondingly,  extra  equations  for  the  coefficients  {i^2«+i,2m+l}  of  higher-order  Zemike  polynomials  that  may  be 
added  to  series  (35). 
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6.  CONCLUSION 


This  work  demonstrates  possibility  of  correction  of  the  odd-order  wave  aberrations  (tilt  and  coma)  on  the  basis  of 
information  containing  in  the  phase  transfer  ftmction.  As  it  was  shown  in  Ref.  2,  for  the  earth  observation  satellite 
systems  this  information  can  be  readily  obtained  just  by  accumulation  of  the  detected  images.  Correction  of  the  even- 
order  aberrations,  mostly  defocus,  may  require  separate  loop  of  the  adaptive  control.  Additional  investigations  are 
required  for  definition  of  the  precision  and  stability  of  the  restoration  algorithms.  The  quasi-analytical  algorithm 
discussed  here  clearly  demonstrates  that  all  odd-order  aberrations  influence  the  behavior  of  the  phase  transfer  Action 
near  the  limit  of  circular  area  of  its  definition.  In  the  deeper-laid  parts  of  the  area  (except  for  the  very  center  where  the 
phase  transfer  function  tends  to  zero)  the  influence  is  believed  to  be  strong  as  well.  However,  large  integration  domain 
does  not  enable  us  to  obtain  as  analyzable  relations  as  in  the  case  above.  Thus,  in  the  presence  of  substantial  noise  the 
numerical  prediction-correction  algorithms  discussed  in  the  Introduction  may  turn  out  to  be  more  accurate,  as  they  cover 
all  domain  of  definition  of  the  phase  transfer  fimction.  Here  the  coefficient  estimation  (40)  can  serve  as  an  initial 

prediction  [,  while  the  criterion  function  should  allow  for  nearly  zero  sensitivity  of  the  phase  transfer  function  to 

'  n.m  ' 

the  even-order  aberrations. 


ACKNOWLEDGMENTS 

This  work  was  carried  out  within  the  framework  of  Contract  3/3. 1/CTAE/l  929/95  (Program  PRAXIS-XXI). 

REFERENCES 

1.  J.  W.  Goodman,  Introduction  to  Fourier  Optics,  McGrow-Hill,  New  York,  2nd  ed.,  1996. 

2.  A.  J.  Smirnov,  J.  A.  R.  Pacheco  de  Carvalho,  Utkin  A.  B.,  "Dynamic  aberration  measurement  in  earth  observation 
adaptive  optics  systems,"  in  Sensors,  Systems,  and  Next-Generation  Satellites  II,  H.  Fujisada,  ed.,  Proc.  SPIE, 
3498,  pp.  471-482,  1998. 

3.  W.  H.  Press,  S.  A.  Teukolsky,  W.  T.  Vetterling,  and  B.  P.  Flannerly,  Numerical  Recipes  in  C:  The  Art  of  Scientific 
Computing.  Cambridge  University.  Press,  Cambridge,  New  York,  etc.,  2nd  ed.,  1997  (on-line  Internet  access: 
www.nr.com). 


Proc.  SPIE  Vol.  4353 


265 


Brillouin  nonlinearity  as  a  mechanism  of  dynamic  holography 


Oleg  Kotiaev^  Shigeaki  Uchida®,  Hiroshi  Sawada*’ 

“Institute  for  Laser  Technology,  2-6  Yamada-oka,  Suita,  565-0871,  Osaka,  Japan 
‘’Kinki  University,  3-4-1  Kowakae,  Higashi-Osaka,  577-0818,  Osaka,  Japan 


ABSTRACT 

The  dynamic  holography  is  considered  as  the  most  perspective  technique  of  correction  for  dynamic  aberrations  of  large- 
aperture  optical  elements  when  operating  in  near  IR  range.  The  use  of  fluorocarbon  Flourinert  FC-72,  characterized  by 
Brillouin  nonlinearity,  for  recording  the  dynamic  hologram  has  been  demonstrated  experimentally.  Resonant  enhancement 
of  the  hologram’s  dif^ction  efficiency  resulting  in  10  times  growth  has  been  shown.  Diffiaction  efficiency  over  50%  has 
been  obtained  Different  behavior  of  diffiaction  efficiency  in  dependence  on  intensity  of  recording  beams  and  length  of 
nonlinear  medium  has  been  shown.  Capability  of  correction  of  laser  beam  distortions  as  well  as  dynamic  behavior  of 
recorded  hologram  have  been  tested.  The  random  phase  distortions  bringing  about  20  times  mcrease  of  the  laser  beam 
divergence  have  been  corrected  resulting  in  near-di^ction  quality  of  a  point  object  image.  It  has  been  shown  that  lifetime 
of  the  hologram  does  not  exceed  10  ®  sec.  Perspective  of  the  use  of  Brillouin  enhanced  dynamic  holography  for  nonlmear 
compensation  of  optical  aberrations  has  been  presented. 

Keywords;  dynamic  holography,  Brillouin  nonlinearity,  correction  for  aberrations 


1.  INTRODUCTION 

The  dynamic  holography''^  is  considered  as  the  most  perspective  technique  of  correction  for  dynamic  aberrations  of  large, 
aperture  optical  elements.  Figure  1  shows  the  use  of  dynamic  holography  for  imaging  the  remote  object. 


Fig.l  The  use  of  dynamic  holography  for  imaging  the  remote  object 


Imagine  there  is  a  telescope  system  with  primary  mirror  of  poor  quality,  for  example  lightweight  deployable  membrane,  and 
it  is  necessaiy  to  obtain  image  of  the  remote  object.  The  use  of  dynamic  holography  will  help  to  improve  this  image  up  to 
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diffraction  quality.  The  following  is  the  principal  of  operation.  Dynamic  hologram  is  recorded  inside  the  cell  filled  with 
special  nonlinear  medium.  The  two  beams  record  the  hologram:  high  quality  reference  beam  and  probe  b^  passed 
through  optical  system  and  containing  information  about  aberrations.  Radiation  coming  from  the  remote  object  is  subjected 
to  the  same  distortions  as  the  probe  beam.  This  radiation  reads  out  the  recorded  dynamic  hologr^hy  producing  undistorted 
beam.  As  a  result,  corrected  image  of  the  remote  object  can  be  observed.  Dynamic  holography  allows  developing  and  using 
the  telescope  systems  with  large-aperture  or  segmented  primary  mirrors  of  lower  weight  and  lower  cost. 


2.  BRILLOUIN  ENHANCED  FOUR  WAVE  MIXING  AND  BRILLOUIN  ENHANCED  DYNAMIC 

HOLOGRAPHY 

However,  in  the  near  infrared  range  (~1  pm),  the  use  of  dynamic  holography  is  restricted  by  lovv  difi^ction  efficiency  of  the 
hologram”  recorded  under  degenerate  interaction.  We  suggest  using  the  well-known  effect  of  Brillouin  Enhanced  Four  Wave 
Mixing^  for  increasing  the  diffraction  efficiency.  The  effect  is  known  by  Phase  Conjugation  ability  of  extremely  weak 
signals  with  a  large  reflection  coefficient. 


BEFWM  cell 


S((d)  Signal  to  be  conjugated 

BP((o-fl,)  Backward  Pun^i  with  Brillouin  frequency  shift 
FP  Forward  puinp 

PC  Phase  Conjugated  signal 


Fig.2-a.  Bnlloiun  Enhanced  Four-Wave  Mfaung 


BEDH  cell 


RB((0-fi,) 


PB(<d) 

S 

CS 


Probe  Beam 

Reference  Beam  with  Brillouin  frequency  shift 
Signal  to  be  corrected 
Corrected  Signal 


Fig.2-b.  Brillouin  Enhanced  Dynamic  Holography 


As  you  know,  the  technique  of  Brillouin  Enhanced 
Four  Wave  Mixing  is  just  a  form  of  nearly 
degenerate  four  wave  mixing  (Figure  2-a).  Mixing 
and  interaction  occur  inside  a  cell  filled  with 
nonlinear  medium  vdiich  is  characterized  by 
Brillouin  nonlinearity. 

The  incoming  signal  to  be  conjugated  interacts  with 
coherent  backward  pump  beam  which  has  a 
Brillouin  frequency  shift  with  respect  to  the 
incoming  signal,  so  that  the  produced  interference 
pattern  moves  at  close  to  acoustic  velocity  and 
drives  an  acoustic  (hypersonic)  wave.  This  wave 
scatters  the  forward  pump  beam  to  form  the 
conjugate  beam.  Additional  interference  between 
scattered  (conjugated)  beam  and  forward  pump 
results  in  amplification  of  the  acoustic  wave  and 
increase  of  its  efficiency  in  scattering.  This  increase 
takes  place  imtil  a  significant  fraction  of  available 
power  is  extracted  from  the  forward  pump  beam 
into  the  conjugated  beam.  As  a  result,  power  of  the 
conjugated  beam  can  achieve  the  order  of  the 
forward  pump  power  magnitude  which  is  much 
more  than  power  of  the  incoming  signal  to  be 
conjugated. 

The  mentioned  above  acoustic  wave  can  be 
considered  as  a  dynamic  hologram  and  efficiency  in 
scattering  is  just  diffraction  efficiency.  In  our 
experiment,  we  used  Brillouin  scattering  for 
increasing  the  diffraction  efficiency.  In  our  case,  the 
dynamic  hologram  was  recorded  by  probe  and 
reference  beams  (see  Figure  2-b).  Then  it  was  read 
out  by  signal  to  be  corrected,  which  propagated  in 
the  same  direction  as  the  probe  beam.  This  signal 
was  scattered  effectively  by  the  hologram  (acoustic 
wave).  As  a  result,  the  high  quality  beam  arose, 
•which  was  used  for  image  formation. 
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3.  EXPERIMENTAL  SETUP 


Figure  3  shows  the  experimental  setup.  Experimental  setup  allowed  to  determine  energetic,  spatial  and  temporal 
characteristics  of  laser  signals.  The  main  parameters  subject  to  study  were  diffraction  efficiency  of  dynamic  hologram, 
correction  fidelity  and  life  time  of  dynamic  hologram. 


Equipment: 

Nd-lasen  MOPA, 

E=1J,  t  =  20ns,d=  ISmm 

SBS  cell  -  Stimulated  Brillouin  Scattering  cell 

BE-DH  cell  -  Brillouin  Enhanced 

Dynamic  Hologram  cell 

Nonlinear  medium  -  liquid  fluorocarbon 

Flouiinert  FC-72  refractive  index  n  =  1 .248 

sound  velocity  v,  =  512  m/sec 
Brillouin  frequency  Dug  =1.2  GHz 
QWP  -  Quarter  Wave  Plate 
HWP- Half  Wave  Plate 
T  -  Telescope,  M  =  0.4 
P  -  Polarizer 
L-  Lens 

BS  -  Beamsplitter 
M  -  Mirror 

RC  -  Reference  Calorimeter 
PD  -  Pin-diode 
CCD  -  Video  camera 
SP  -  Sensitive  paper 
RPP  -  Random  Phase  Plate 
DDL  -  Optical  Delay  Line 

Signals  and  energy: 


S  -  Signal  to  be  corrected  40  mJ 
PB  -  Probe  Beam  500  mJ 

RB  -  Reference  Beam  1 00  mJ 

CS  -  Corrected  Signal  20  mJ 


Fig.3.  Schematic  diagram  of  experimental  setup 


Nd  laser  assembled  on  the  Master-Oscillator  -  Power  Amplifier  (MOPA)  scheme  was  used  as  a  source  of  laser  radiation. 
Output  radiation  energy  achieved  1  J,  pulse  duration  was  equal  to  20  ns  (FWHM).  Beam  size  was  equal  to  15  mm.  Output 
telescope  with  magnification  M  =  0.4  was  used  for  reducing  the  beam  size  and  collimating  the  output  radiation.  Output 
radiation  was  polarized  in  a  horizontal  plane. 

Fraction  of  the  radiation  was  used  for  forming  the  probe  beam  PB  and  the  signal  to  be  corrected  S.  The  rest  radiation  was 
brought  into  an  SBS  cell  for  forming  the  reference  beam  with  frequency  shift  RB.  Liquid  fluorocarbon’’  *  FC-72  was  used  as 
an  SBS  medium.  Here  you  can  see  the  main  properties  of  the  medium  are  the  following. 

The  Brillouin  Enhanced  Dynamic  Hologram  cell  was  filled  with  the  same  medium.  Inside  this  sell,  probe  and  reference 
beams  (polarized  in  a  vertical  plane)  intersect  each  other  producing  an  interference  pattern.  Intersection  angle  0  was  equal  to 
(7t  -  0.014)  rad.  That  means  that  the  beams  formed  an  interference  pattern  with  spatial  period  of  about 
d  =  /l/2«sin(^/2)  =  0.43  pm.  Because  of  frequency  shift  this  pattern  was  moving  at  close  to  sound  velocity  and 
induced  an  appropriate  acoustic  wave.  The  acoustic  wave  functioned  as  a  dynamic  hologram.  The  signal  to  be  corrected 
(polarized  in  a  horizontal  plane)  was  scattered  by  this  hologram  producing  a  coirected  beam  which  was  free  of  any 
abenation.  The  aberration  was  simulated  by  random  phase  plate  which  was  installed  at  the  common  optical  path  of  the 
signal  and  the  probe  beam.  Optical  delay  line  was  used  for  measuring  life  time  of  the  recorded  hologram. 
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The  corrected  signal  was  brought  into  detecting  scheme  vrfiich  included  CCD-camera,  Pin-diode  PD  and  thermal  sensitive 
paper  SP.  Lens  L2  formed  a  far  field  zone  at  the  sensing  head  of  the  CCD-camera.  The  detecting  scheme  was  isolated  from 
the  reference  beam  by  polarizer  P3. 

Energy  of  the  signals  was  measured  by  the  reference  calorimeter  RC. 


4.  EXPERIMENTAL  RESULTS 

The  main  purpose  of  the  experiments  was  studying  of  Brillouin  enhancement  of  diffraction  efficiency  of  dynamic  hologram. 
We  considered  diffraction  efficiency  as  a  ratio  of  energy  of  corrected  signal  to  the  energy  of  the  signal  to  be  corrected.  Up 
to  53%  diffraction  efficiency  were  achieved.  This  is  in  a  very  good  agreement  with  our  previous  experiment  on  Brillouin 
Enhanced  Four- Wave  Mixing.  You  can  see,  that  we  obtained  more  than  10  times  increase  of  diffiaction  efficiency  in 
comparison  with  the  case  of  degenerate  interaction. 


Fig.4.  Dependence  of  Diffraction  Efficiency  on  radiation  energy  Fig.5.  Dependence  of  Diffraction 

Efficiency  on  length  of  BE-DH  Cell 

We  studied  the  dependence  of  diffraction  efficiency  on  intensity  of  interacting  beams  and  length  of  nonlinear  medium 
(Figure  4).  As  it  was  expected,  efficiency  did  not  depend  on  intensity  of  signal  to  be  corrected,  but  weakly  depended  on 
reference  beam  intensity  and  strongly  depended  on  probe  beam  intensity.  The  use  of  longer  nonlinear  medium  cells  resulted 
in  increasing  the  diffraction  efficiency  approximately  up  to  50%  (Figure  5). 


a)  Initial  signal  b)  Distorted  si^al  c)  Corrected  signal 


Fig.6.  Illustration  of  correction  for  laser  beam  distortions.  Initial  (a),  distorted  (b)  and  corrected  (c)  signals 
are  characterized  by  the  following  magnitudes  of  fraction  of  energy  propagating  within  diffraction  limited 
solid  angle:  0.81, 0.08  and  0.74,  respectively.  Fidelity  of  correction  for  laser  beam  distortions  -  over  90  % 
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Then  we  tested  capability  of  correction  for  laser  beam  distortions  (Fi^e  6).  Estimation  of  correction  fidelity  was  made  in 
terms  of  fraction  of  laser  energy  propagating  within  diffraction-limited  solid  angle.  Spyglass  application  was  used  for 
processing  the  CCD-camera  data  and  Excel  application  was  used  for  evaluating  the  energy  frartion.  To  introduce  laser  beam 
distortions  we  used  a  random  phase  plate  bringing  about  20  times  increase  of  the  laser  beam  divergence.  Initial  (a),  distorted 
(b)  and  corrected  (c)  signals  are  characterized  by  the  following  magnitudes  of  fraction  of  energy  propagating  within 
diffraction  limited  solid  angle:  0.81,  0.08  and  0.74,  respectively.  You  can  see,  the  dynamic  hologram  allowed  to  correct  this 
distorted  image  with  90%  fidelity. 


Fig7.  Time  location  of  laser  pxilses  when 
no  time  delay  between  the  signal  to  be  corrected 
and  probe  or  reference  beam  tj  =  0:  a)  ou^ut 
laser  pulse,  b)  signal  to  be  corrected  in  front 
of  the  BE-DH  cell,  as  well  as  time  location 
of  probe  and  reference  beams  recording  the 
hologram,  c)  output  laser  pulse,  d)  corrected  signal. 


Fig8.  Time  location  of  laser  pulses  when 
time  delay  between  the  signal  to  be  corrected 
and  probe  or  reference  beam  t^  =  25  nc:  a)  output 
laser  pulse,  b)  signal  to  be  corrected  in  front 
of  the  BE-DH  cell,  dotted  line  represents  time  location 
of  probe  and  reference  beams  recording  the 
hologram,  c)  output  laser  pulse,  d)  corrected  signal, 
dotted  lines  represent  time  location  of  probe  and 
reference  beams  and  signal  to  be  corrected  in  front 
of  the  BE-DH  ceU. 


One  of  the  important  parameters  of  dynamic  hologram  is  its  lifetime.  As  estimation  showed,  lifetime  of  such  a  kind  of 
dynamic  hologram  should  not  to  exceed  1  ns.  Actually,  that  means  that  efficient  scattering  of  laser  radiation  by  the 
hologram  takes  place  (Figures  7)  only  at  the  present  of  the  recording  beams  (probe  and  reference  ones).  We  tried  to 
introduce  additional  optical  path  into  the  signal  to  be  corrected  (Figures  8).  As  a  result,  the  signal  was  delayed  by  25  ns  in 
relative  to  the  probe  and  reference  beams.  And  you  can  see  the  pulse  of  scattered  radiation  located  at  the  end  of  the 
recording  beams.  There  is  no  hologram  without  recording  beams.  That  means  that  such  a  kind  of  dynamic  hologram  can  be 
re-recorded  with  very  high  rate  and  this  fact  allows  the  effective  using  of  dynamic  holography  technique  in  a  high  pulse 
repetition  mode  of  operation. 
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5.  A  TELESCOPE  SYSTEM  WITH  NON-RECIPROCAL  ELEMENT 

To  realize  good  performance  of  correction  for  phase  distortions  via  dynamic  holography  it  is  necessary  to  provide  similarity 
of  wave  front  shapes  of  probe  beam  and  signal  to  be  corrected.  For  that  piupose,  both  probe  beam  and  signal  to  be  corrected 
should  propagate  in  one  and  the  same  direction  and  undergo  the  same  plme  distortions.  In  the  case  of  small-scale  optical 
elements  as  in  the  experiment  described  above,  the  use  of  beamsplitter  or  polarizer  is  the  simplest  way.  But  in  the  case  of 
real  telescope  system  with  large  primary  mirror,  the  use  of  beamsplitter  or  polarizer  is  not  a  good  idea  because  it  would  be 
necessary  to  design  large-scale  beamsplitter  or  polarizer  characterized  by  high  optical  quality.  Moreover,  it  would  be 
necessary  to  develop  additional  large  aperture  optical  system  intended  for  producing  the  probe  beam. 

It  is  possible  to  use  the  technique  based  on  illumination  of  primary  mirror  from  the  center  of  its  curvature  by  probe  beam 
and  collection  of  reflected  radiation  for  recording  the  dynamic  hologram^  ®.  But  in  this  technique,  probe  beam  and  signal  to 
be  corrected  propagated  in  different  optical  paths  after  reflection  off  primary  mirror.  If  these  optical  paths  have  another 
sources  of  distortions  (vibration,  thermal  deformation,  inhomogeneities  of  power  amplifier  active  medium  etc),  probe  beam 
and  signal  to  be  corrected  passing  through  different  sources  of  distortions  will  have  different  shapes  of  wave  front  This  will 
result  in  reducing  correction  quality.  In  our  opinion,  much  more  attractive  are  the  systems  with  non-reciprocal  elements.  For 
example,  telescope  system  equipped  with  coimterreflector  with  annular  difi&action  structure  (see  Figure  9)  developed  as  a 
forming  optical  system  with  non-linear  correction  for  phase  distortions'®  (TENOCOM  -  TElescope  system  with  NOn-linear- 
optic  COMpensation  of  aberrations). 


Radiation  from 
remote  object 


Fig.9.  A  telescope  system  with  non-reciprocal  element 


In  TENOCOM  system,  primary  mirror  is  illuminated  by  probe  beam  from  the  point  close  to  the  center  of  curvature. 
Reflected  radiation  is  collected  and  directed  to  counterreflector  with  annular  diffraction  structure.  Radiation  propagating  in 
the  first  order  of  diffraction  as  well  as  remote  object  radiation  reflected  off  the  counterreflector  have  similar  shapes  of  wave 
front  and  propagating  in  one  and  the  same  direction.  Optical  system  is  designed  in  such  a  way  that  not  only  shapes  of  wave 
front  are  similar,  but  also  planes  of  primary  mirror  image  are  coincide  in  the  probe  beam  and  signal  to  be  corrected. 
Coincidence  of  planes  of  primary  mirror  image  and  similarity  in  direction  of  propagating  should  result  in  the  best 
performance  of  dynamic  holography  technique.  Combination  of  telescope  system  with  non-reciprocal  element  and  Brillouin 
enhanced  dynamic  holography  can  be  considered  as  the  most  attractive  realization  of  systems  providing  distortion-free 
image  in  near  IR  spectral  range. 
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CONCLUSION 

Physical  mechanism  of  recording  the  dynamic  hologram  based  on  Brillouin  nonlinearity  has  been  studied  experimentally. 

•  Up  to  53%  diffraction  efficiency  has  been  obtained. 

•  Efficiency  does  not  depend  on  intensity  of  signal  to  be  corrected,  but  weakly  depends  on  reference  beam  intensity 
and  strongly  depends  on  probe  beam  intensity. 

•  The  use  of  longer  nonlinear  medium  cells  results  in  increasing  the  diffraction  efficiency. 

•  The  random  phase  distortions  bringing  about  20  times  increase  of  the  laser  beam  divergence  have  been  corrected 
resulting  in  near-difflaction  quality  of  a  point  object  image. 

•  Lifetime  of  the  hologram  does  not  exceed  10’’  sec.  This  fact  allows  the  effective  using  of  dynamic  holography 
technique  in  a  high  pulse  repetition  mode  of  operation. 

•  Combination  of  telescope  system  with  non-reciprocal  element  and  Brillouin  enhanced  dynamic  holography  can  be 
considered  as  the  most  attractive  realization  of  systems  providing  distortion-free  image. 

As  the  next  step  of  study  we  plan  to  investigate  field  of  view  of  such  a  kind  of  dynamic  hologram. 
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ABSTRACT 

Conventional  adaptive  optics  systems  using  a  single  wavefront  corrector  suffer  from  a  limited  field  of  view.  Multi-conjugate 
adaptive  optics  use  two  or  more  correctors  to  improve  off-axis  correction.  We  describe  an  experimental  system  which  simulates 
dual-layer  turbulence,  and  present  results  using  a  single  corrector  showing  anisoplanatic  effects.  Future  experiments  using  a 
second  corrector  are  also  discussed. 

Keywords:  multi-conjugate  adaptive  optics 


1.  INTRODUCTION 

The  limitations  of  conventional  adaptive  optics  (AO)  in  correcting  large  areas  of  the  sky  are  well-known.^  Light  from  a  natural 
guide  star  is  well-corrected  by  an  AO  system,  but  a  problem  occurs  when  the  science  object  does  not  have  a  suitable  natural 
guide  star  nearby.  The  science  object  does  not  pass  through  the  same  upper  layers  of  the  atmosphere  as  the  beacon,  and  hence 
turbulence  experienced  by  the  science  object  will  not  be  well  compensated  (Fig  1). 

We  have  designed  a  dual-conjugate  experiment  to  investigate  off-axis  effects  of  AO  systems,  consisting  ol'  a  ferroelectric 
liquid  crystal  spadal  light  modulator  (FLC  SLM)  turbulence  generator  and  a  deformable  mirror  (DM)  adaptive  optics  system. 
The  turbulence  generator  was  based  on  a  technique  described  in  Ret  2  ior  binary  SLMs,  and  was  expanded  to  produce  three- 
dimensional  turbulence  by  using  two  FLC  SLMs  to  represent  two  turbulent  layers  in  the  atmosphere  .separated  by  a  height  h. 
Initially,  the  adaptive  optics  system  consisted  of  a  single  DM  corrector  with  dual  layer  turbulence.  In  future  work,  the  system 
will  be  modified  to  allow  the  insertion  of  a  second  corrector. 

2.  DESIGN  OF  THE  MCAO  TURBULENCE  GENERATOR 

The  turbulence  generator  described  in  Ref  2  used  a  holographic  technique  to  produce  an  analogue  phase  from  a  binary  SLM. 
Till  was  added  to  the  desired  wavefront,  which  was  then  binarized.  Laser  light  modulated  by  the  binary  FLC  SLM  was  Fourier 
transformed  by  a  lens  and  spatially  filtered  to  remove  unwanted  higher  orders,  and  inverse  Fourier  transformed  by  a  second  lens 
to  produce  the  desired  phase. 

Modifications  to  the  original  design  for  dual-conjugate  wavefront  generation  needed  to  ensure  that  the  turbulence  generator 
accurately  repre.sented  the  different  paths  through  the  upper  atmosphere  followed  by  the  on  and  off  axis  beams.  Some  of  the 
issues  considered  are  discussed  in  the  following  sections. 

2.1.  Design  Issues 

1 .  The  upper  layer  should  be  oversized  with  respect  to  the  lower  layer  (see  Fig  1)  so  that  the  on  and  off-axis  beams  pass 
through  different  areas  of  turbulence  in  the  upper  layer. 

2.  The  off-axis  beam  should  not  be  vignetted  by  the  SLMs,  .spatial  filters  or  lens  apertures. 

3.  Consider  the  maximum  off  axis  angle  allowed,  including  demagnification  of  angles  at  SLM.  If  d  is  the  SLM  aperture 
size,  D  is  the  tele.scope  aperture  ,  0  is  the  off-axis  angle  in  the  sky  and  0  is  the  off-axis  angle  at  the  lower  SLM 

0  =  e{Dld)  (1) 

4.  Allow  for  the  magnification  of  distance  between  SLMs  to  represent  distance  between  layers  in  atmosphere. 

5.  Consider  the  loss  of  resolution  of  the  upper  atmosphere. 
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Light  from  natural 
guide  star 


Light  from 
off-axis  object 


Figure  1. 


2.2.  Solution 

1 .  Ensure  the  beam  incident  on  both  SLMs  is  oversized  by  using  a  beam  expander  on  the  laser  and  by  magnifying  the  beam 
incident  on  the  lower  SLM.  Also  ensure  that  the  upper  layer  turbulence  is  increased  by  the  magnification  factor  to  account 
for  the  fact  that  only  part  of  the  beam  is  reflected  by  the  lower  SLM. 

2.  The  simulated  telescope  diameter  D  must  not  be  too  large  or  the  angles  incident  on  the  SLM  will  be  unfeasibly  large. 

3.  Calculate  the  focal  length  of  lenses  and  the  maximum  off-axis  angle,  which  are  interrelated.  See  Section  3  for  derivation. 
Account  for  vignetting  by  len.ses.  Replace  the  spatial  filters  by  slits  to  allow  off-axis  lilt  in  one  dimension. 

4.  If  li  is  the  distance  between  layers  in  the  atmosphere,  then  the  distance  x  between  image  of  SLM  1  and  SLM2  is 

x={^rh  (2) 

5.  The  resolution  of  the  upper  atmosphere  will  be  reduced  by  a  factor  AP,  where  M  is  the  magnification  of  the  upper 
SLM  onto  the  lower  SLM.  This  should  be  large  enough  to  allow  a  range  of  off-axis  angles,  but  not  too  large  to  reduce 
unacceptably  the  resolution  of  the  upper  atmosphere. 


3.  CALCULATIONS  OF  ANGLES 

Ideally,  large  off-axis  angles  would  be  produced  by  the  modified  design.  However,  since  the  aperture  of  the  SLM  <1  <  D, 
where  D  is  the  telescope  aperture,  then  from  Eqn  1 ,  the  required  angles  of  incidence  required  by  the  turbulence  generator  may 
not  be  feasible,  especially  if  D  is  large. 

Fig  2  was  used  for  calculating  the  optimal  angles  and  focal  lengths.  The  angles  to  consider  are  the  angle  of  incidence  onto 
lens  LI  a.  and  the  angle  of  incidence  onto  the  lower  SLM  13.  These  angles  are  related  by 


tang  _  h  _ 
tan  3  /i 


(3) 


where  /j ,  f'l  are  the  focal  lengths  of  lenses  LI  and  L2,  respectively,  di^idfzd  are  the  apertures  of  LI,  L2  and  the  SLMs, 
respectively. 
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(not  to  scale) 


Maximum  angles  for  aand  |3 


L2 


(dU-ciyi  (dL2-(f2/fI)d)/2 


(f2/fJ-])d/2 


P  is  the  minimum  angle  from  these  2  conditions 
Figure  2.  Diagram  for  calculation  of  angles  a  and  [i. 


a  and  (i  arc  limited  by  the  focal  lengths  and  aperture  sizes  of  LI  and  L2.  In  addition,  d  is  dependent  on  x,  the  effective 
distance  between  the  two  SLMs. 

Referring  to  Fig  2.  the  maximum  value  of  a  is  calculated  by 

,  (hi  -  d 

~27r ' 


fl  is  determined  by  two  factors.  The  first  is  dependent  on  the  magnification  by  LI  and  L2,  as  well  as  x,  the  effective  distance 
between  the  two  SLMs.  From  Fig  2 


tan /I  = 


(/2//1  -  l)d 
2x 


The  second  condition  is  similar  to  Eqn  4,  depending  on  the  aperture  size  and  focal  length  of  L2. 


(5) 


tan /I  = 


<Il-2  -  {h/fi)d 
2/2 


(6) 


First,  try  to  maximise  a.  Choose  LI  to  have  a  fairly  small  focal  length  and  relatively  large  aperture  (a  fast  lens  with  a  small 
f/#).  Calculate  the  maximum  value  of  a  using  Eqn  4.  Choose  a  fast  lens  as  L2  to  give  a  sufficient  magnification,  d  will  the 
minimum  value  given  by  Eqns  3,  5  and  6. 
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Figure  3.  Optical  setup  for  dual-conjugate  wavefront  generation.  PI  to  P3  polarizers;  BS,  beamsplitter;  Ml  and  M2  mirrors 
//  io  f4  arc  the  focal  lengths  of  lenses  LI  to  L4. 


3.1.  P/ro  considerations 

The  maximum  off-axis  angle  produced  by  the  turbulence  generator  should  be  larger  than  the  isoplanatic  angle. 

6^0  =  0.3l7-o//I 


where  '/'o  is  the  Fried  parameter  for  the  turbulence  given  by 


/ai-s/r* 


(8) 


and  r,  is  calculated  from  the  D/vq  values  for  each  layer.  Then 

If  the  lower  layer  is  at  h  =  (h  then  h  is  equal  to  the  height  of  the  upper  layer,  and  ro  is  also  due  entirely  to  the  upper  layer. 
A  maximum  angle  of  about  5  -  lO^o  should  be  sufficient  to  show  anisoplanatic  effects  in  the  AO  system  i.e.  6^)  should  be 
compared  with  p. 

3.2.  Calculations  for  P  =  1  m 

Due  to  the  magnification  of  angles  from  the  relative  sizes  of  SLM  and  tele.scope  apertures  (Eqn  1).  the  size  of  the  simulated 
telescope  aperture  should  not  be  too  large.  We  chose  P  =  1  m  for  a  SLM  aperture  of  d  =  3.84  mm. 

First  step:  From  Eqn  1 .  D  =  1  m  requires  an  angle  at  the  SLM  3  =  4.3"  to  represent  an  off-axis  angle  of  60  arcseconds  in 
the  sky,  which  is  feasible. 
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Second  step:  Choose  the  first  lens  LI  so  that  n  is  as  large  as  possible  (Eqn  4).  We  chose  a  lens  with  fi  —  50  mm,  du  =  25 
mm,  giving  a  =  11.9°. 

Third  step:  Calculate  the  maximum  magnification  from  Eqn  3. 


tan  11.9 
tan  4.34 


2.78 


So  J->  =  M  X  f[  <  2.78  X  50  —  139  mm.  We  ehose  L2  to  have  =  125  mm,  (i/,2  =  25  mm.  Then  M  =  2.5. 

Fourth  step:  Check  vignetting  by  L2,  using  Eqn  6  to  find  the  maximum  angle  allowed  through  L2  and  compare  with  /3  in 
step  1 .  arctan{(25  -  2.5  x  3.84)/(2  x  125))  =  3.5°  <  4.3°.  So  L2  does  cause  vignetting,  limiting  (i. 

There  are  a  number  of  alternative  approaches  to  the  problem.  One  is  to  set  6  at  3.5°,  which  is  equivalent  to  49  arcsecs  in 
the  sky  for  a  Im  diameter  telescope.  Another  approach  is  to  reduce  the  magnification  and  keep  =  4.3°.  For  example  if  L2 
lias  f-i  =  100  mm  and  dti  =  25  mm,  the  maximum  angle  through  L2  is  4.9°,  so  13  =  4.3°  would  be  possible.  However,  from 
Eqn  5,  this  has  the  effect  of  reducing  x,  and  hence  the  distance  between  layers  in  the  sky.  The  best  approach  would  be  to  accept 
the  reduction  of  the  angle  in  the  sky  to  49  arcsecs  (reduced  from  1  aremin),  although  the  alternative  method  of  reducing  the 
magnification  will  also  be  considered. 

Fifth  step:  Calculate  x  from  Eqn  5.  For  M  =  2.5,  /?  =  3.5° and  /2  =  125  mm,  a;  =  47.1  mm.  (Alternatively,  if  /2  =  100 
mm,  M  =  2  and  /3  =  4.3°,  then  x  =  25.3  mm). 

Sixth  step:  Calculate  h  from  Eqn  2.  For  x  =  47.1  mm,  h  =  3.2  km.  (Alternatively,  if  a;  =  25.3,  then  h  =  1.7  km,  which 
is  too  low.) 

The  final  optical  setup  is  shown  in  Fig  3.  Len.ses  L3  and  L4  are  identical  100  mm  focal  length  lenses.  The  lens  apertures 
are  25  mm,  and  do  not  cause  vignetting  of  the  off-axis  beam.  The  off-axis  beam  is  produced  via  the  pellicle  beamsplitter  BS 
and  the  two  mirrors  M 1  and  M2.  The  off-axis  angle  can  be  varied  by  adjusting  either  of  these  2  mirrors.  The  SLMs  were  two 
Displaytech  ferroelectric  LC  SLMs,  which  are  binary  reflective  devices,  each  consisting  of  256  X  256  pixels  with  a  pixel  size 
of  1 5  //.m  X  1 5  /rm.  They  could  operate  at  frame  rates  of  up  to  2.5  kHz. 

3.3.  Variation  of  conjugate  planes 

The  height  of  the  upper  and  lower  layers  is  not  fixed  with  respect  to  the  corrector  planes,  but  can  be  altered.  To  alter  the  height 
of  the  upper  layer,  len.ses  LI  and  L2  can  be  moved  while  keeping  the  distance  between  them  fixed,  and  similarly  to  vary  the 
height  of  the  lower  layer,  lenses  L3  and  L4  can  be  moved.  The  magnification  of  distances  by  lenses  L 1  and  L2  must  be  taken 
into  account  when  calculating  the  distance  moved. 


4.  EXPERIMENT 

The  experiment  was  performed  using  a  single  DM  corrector  and  both  single  and  dual  layer  turbulence.  The  off-axis  angle 
ranged  from  a  minimum  of  about  3.5  arcsecs  to  a  maximum  of  about  13  arcsecs  (equivalent  angles  in  the  sky  for  a  D  =  1 
m  telescope).  We  could  not  increase  the  maximum  off-angle  angle  significantly  beyond  13  arcsecs,  as  it  was  limited  by  the 
resolution  of  the  SBIG  camera  used  to  capture  the  images.  For  the  turbulence  we  used  the  maximum  angle  was  equivalent  to 
3  -  46*0,  which  is  slightly  less  than  desired.  The  range  of  angles  can  be  increased  by  using  a  higher  resolution  camera,  or  by 
changing  the  turbulence  to  decrease  da- 

The  corrector  was  placed  approximately  in  the  conjugate  layer  of  the  lower  plane  of  turbulence.  Single  layer  turbulence  was 
generated  in  the  telescope  pupil  plane,  while  the  upper  plane  of  turbulence  was  approximately  3.2  km  above  the  lower  layer  (for 
a  D  =  I  m  telescope).  The  turbulence  applied  to  the  upper  SLM  was  actually  2.5  times  the  desired  turbulence,  to  account  for 
the  magnification  of  the  upper  layer  with  respect  to  the  lower  layer.  Tip-tilt  in  the  turbulence  was  removed  to  prevent  vignetting 
by  the  slits. 

The  values  of  turbulence  generated  were 


1.  single  layer  turbulence.  D/t-q  =  6 

2.  single  layer  turbulence,  iP/ro  =  7.7. 
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Figure  4.  (a)  single  layer  and  (b)  dual  layer  corrected  point  spread  functions,  imaged  using  a  logarithmic  scale.  The  on  axis 
PSF  is  to  the  left,  while  the  off  axis  PSF  is  to  the  far  right. 

3.  dual  layer  turbulence,  lower  layer  with  D/ro  =  6,  and  the  upper  layer  with  D/tq  =  4,  which  is  equivalent  to  a  total 
turbulence  of  P/ro  =  7.7. 

4.  dual  layer  turbulence,  both  upper  and  lower  layer  with  Tf/ro  =  6  (equivalent  to  a  total  turbulence  DjTo  =  9.1) 

The  Strehl  ratio  of  the  on  and  off-axis  beams  were  calculated  by  dividing  the  peak  intensity  of  the  point  spread  function  (PSF) 
with  that  of  a  near  diffraction  limited  reference  beam.  The  reference  beam  was  produced  by  removing  the  static  aberrations  of 
the  system  using  a  Simplex  algorithm.'’ 

Tltcory  ‘  predicts  that,  for  small  off-axis  angles  6',  the  proportional  decrease  in  Strehl  R  is  given  by 

i?.  oc  exp[— (10) 
D'o 

From  the  above  relationship,  we  can  find  from  the  graph  by  determining  9  for  which  the  Strehl  ratio  falls  to  1/e  of  the 
maximum  value,  which  corresponds  to  9  "  6^o.  Then  we  can  compare  this  value  of  9q  to  the  piedicted  value  calculated  by  Hqn 
7. 


5.  RESULTS 

Fig  4  shows  images  of  corrected  point  spread  functions  for  (a)  single  layer  turbulence  with  D/vq  =  6  and  (b)  dual  layer 
turbulence,  with  both  upper  and  lower  layer  having  D/tq  =  6.  The  bright  on  axis  beam  is  to  the  left  of  the  image,  while  the 
oiT-axis  beam  is  to  the  right.  In  both  cases,  the  on  axis  beam  is  well-corrected,  but  the  off-axis  beam  is  much  better  corrected 
for  the  single  layer  turbulence  than  for  the  dual-layer  turbulence.  Similar  images  were  taken  for  varying  off-axis  angles,  and 
the  Strehl  ratios  calculated.  The  experimental  results  in  Fig  5  show  that 
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Figure  5.  Experimental  results 


1 .  tor  single  layer  turbulence,  the  off-axis  corrected  Strehl  is  almost  constant  with  angle; 

2.  for  dual  layer  turbulence,  the  corrected  Strehl  degrades  with  increasing  angle.  The  higher  the  effective  turbulence,  the 
faster  the  degradation. 

The  positions  of  the  layers  relative  to  the  DM  were  measured  and  found  to  be  1 14m  above  the  DM  for  the  first  layer,  with  the 
second  layer  3.2km  above  the  first  (equivalent  distances  in  the  sky  for  a  £>  =  1  m  telescope).  The  slight  misalignment  of  the 
DM  to  the  conjugate  plane  of  the  lower  layer  explains  the  slight  drop  off  in  Strehl  ratio  with  angle  for  turbulence  1  and  2. 

By  fitting  curves  of  the  form  y  =  ylexp(Bx‘-')  +  D  (similarly  to  Eqn  10)  to  the  curves  for  turbulence  3  and  4,  we  could 
iind  the  experimental  values  of  Oq  by  finding  the  point  where  the  graphs  fall  to  1/e  of  their  maximum  value.  The  parameters 
A  to  D  as  well  as  the  calculated  and  measured  values  of  6*o  are  shown  in  Table  1.  Uncertainty  in  the  calculated  values  is  due 
to  measurement  error  in  determining  the  distance  between  the  2  layers.  In  the  experimental  values,  the  error  was  estimated  by 
using  the  uncertainty  in  the  fitted  parameters  A  to  D.  The  experimental  values  are  slightly  higher  than  the  calculated  values  in 
column  1  by  a  constant  factor,  suggesting  a  systematic  error,  which  is  most  likely  due  to  the  removal  of  tip-tilt  in  the  turbulence. 
Further  calculations  were  performed  to  determine  the  effect  of  the  tip-tilt  removal,  and  the  results  shown  in  Column  6  of  Table 
1 .  Tire  tip-tilt  adjusted  results  show  much  better  agreement  with  the  experimental  results. 

6.  CONCLUSION 

We  have  described  a  dual-conjugate  turbulence  generator  which  we  have  used  to  investigate  off-axis  eff  ects  in  conventional  AO 
systems.  Experimental  results  show  good  agreement  with  theoretical  predictions  for  both  single  and  dual-layer  turbulence.  In 
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dual-layer 

turbulence 

,4 

B 

C 

D 

calculated 

(arcsecs) 

tip- tilt 
removed 

experimental  Oq 
(arcsecs) 

turbulence  3 

0.41 

-0.14 

1.4 

0.13 

4.7  ±0.5 

6.1  ±0.6 

6.6  ±0.6 

turbulence  4 

0.37 

-0.13 

1.G3 

0.075 

3.2  ±0.3 

4.2  ±0.4 

4.4  ±0.5 

Table  1.  Fit  parameters  and  calculated  and  experimental  values  of  ffo  for  dual  layer  turbulence  (arcsecs). 


future  work  the  turbulence  generator  will  be  used  with  a  dual-conjugate  AO  system.  The  second  corrector  should  increase  the 
size  of  the  isoplanatic  patch  which  is  corrected  by  the  AO  system. 

This  project  was  in  part  supported  by  INTAS  grant  INTAS-ESA  99-523. 
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ABSTRACT 

Interferometric  radar  technique  is  an  important  tool  for  a  surface  topography  reconstruction  of  optically  rough  surfaces. 
Spectral  interferometric  radar  is  based  on  optical  interference  phenomenon  that  is  observed  in  the  form  of  the 
periodical  modulation  of  broadband  spectrum  at  the  output  of  interferometer.  Group  optical  path  difference  of 
interfering  light  waves  corresponding  to  the  distance  from  the  surface  to  be  measured  is  characterized  by  the  phase 
function  or  fringe  frequency  of  the  spectral  modulated  interferogram.  To  measure  fringe  frequency  a  noise-immune 
recurrence  non-linear  filtering  method  was  used  where  interferometric  data  are  assumed  to  be  a  series  of  samples  of  the 
spectral  interferometric  signal  defined  by  a  known  model.  It  is  predicted  the  signal  value  from  previous  step  of 
discretization  to  the  next  step.  The  prediction  error  is  used  for  signal  parameters  correction.  Recurrence  non-linear 
filtering  generally  gives  the  optimal  dynamic  estimate  of  the  phase  function,  frequency  and  visibility  maximum 
position  of  the  interferogram.  Method  was  verified  experimentally  with  application  to  the  analysis  of  the  spectral 
modulated  interferograms  inherent  to  Michelson  interferometer  excited  by  low-coherent  source  with  a  subsequent 
spectrometer 

Keywords:  spectral  Interference,  group  optical  path  difference,  recurrence  data  processing 


1.  INTRODUCTION 

Interferometric  radar  technique  is  an  important  tool  for  a  surface  topography  reconstruction  of  optically  rough  surfaces. 
Conventional  low-coherent  radar  technique'’^  is  based  on  the  principle  of  white-light  interferometry  in  individual 
speckles,  where  the  maximum  position  of  the  fringe  visibility  is  found  with  mechanical  scan  of  optical  path  difference 
(OPD)  in  interferometer.  Spectral  radar  consists  of  two-beam  interferometer  excited  by  broadband  light  source  with  a 
subsequent  spectrometer  Spectral  modulated  interference  fringes  in  the  simplest  consideration  are  similar  to  those 
that  obtained  in  unbalanced  two-beam  interferometer  illuminated  by  monochromatic  light  source  with  linearly  varied 
wavelength  without  OPD  mechanical  scan. 

It  has  been  revealed,  in  agreement  with  previous  works,^'*  that  in  the  case  of  a  two-beam  interference  experiment  the 
sinusoidal  modulation  of  broad  bandwidth  spectra  takes  place.’"’  Theoretical  and  experimental  investigations  of  the 
interference  effects  in  the  spectral  domain  have  revealed  their  great  impact  on  the  progress  of  new  optical  diagnostics 
methods.  Thus,  the  spectral  modulation  of  white  light  in  a  Michelson  interferometer  is  an  useful  method  for 
measuring  distances  and  displacements  ranging  up  to  hundreds  of  micrometers. 

The  intensity  distribution  in  the  spectral  modulated  interferogram  may  be  presented  as  a  sum  of  essentially  non- 
uniform  background  component  defined  by  the  form  of  the  power  spectrum  of  light  source  and  useful  component  of 
interference  fringe  with  varied  envelope.  The  information  about  the  OPD  to  be  measured  is  contained  in  the  phase 
function  and  spatial  frequency  of  the  spectral  interference  fringe.  The  problem  of  interferometric  data  analysis  is  that 
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the  intensity  of  interferogram  depends  on  phase,  frequency  or  visibility  maximum  position  non-linearly  and  it  is 
difficult  to  optimize  the  interference  fringe  processing  procedure  on  general  totality  of  interferometric  data. 

Proposed  analysis  method  of  spectral  interference  fringes  based  on  recurrence  non-linear  filtering  methodology 
gives  the  optimal  estimate  of  parameters  pointed  out  above  dynamically.  Interferometric  data  are  assumed  to  be  a 
series  of  samples  of  the  interferometric  signal  defined  by  known  model  of  the  spectral  interferogram.  It  is  predicted  the 
signal  value  from  previous  step  to  the  next  step.  The  prediction  error  is  used  for  signal  parameters  correction  taking 
into  account  the  particularities  of  interference  fringe.  Thus  it  is  recovered  the  dynamic  evolution  of  phase  function, 
frequency  and  envelope  maximum  position  at  each  data  sample.  The  phase  unwrapping  problem  is  solved 
automatically  because  of  recurrence  calculation  of  the  phase  function. 

2.  THEORY 

Recurrence  non-linear  data  processing  procedure  is  based  on  the  knowledge  of  the  parametric  model  of  interference 
fringe.  It  is  necessary  at  first  to  consider  the  physical  forming  process  of  spectral  interferogram.  Using  adequate  model 
of  interference  fringes  and  some  a  priori  information  about  its  parameters  it  is  possible  to  apply  the  non-linear  data 
processing  algorithm  to  real  observed  data. 

2.1.  Forming  of  the  spectral  modulated  interferogram 

The  mutual  interference  of  two  beams  at  an  arbitrary  point  with  transverse  position  vector  R  at  the  output  of  the 
uncompensated  Michelson  interferometer  is  governed  at  the  wavelength  X  by  the  spectral  interference  law 

G(R;  X)  =  Go  (R;  X.)  +  G,  (R;  X)  +  2.yGo(R;X)G,(R;?i)  cos[(27i  /  X.)  (R;  ^)] ,  (1) 

where  Go(R;  X)  and  G,(R;  X)  are  contributions  of  both  beams  to  the  resultant  spectral  power  density  G(R;  X)  and 
A[^(R;  X)  is  the  spatially  and  spectrally  dependent  OPD  realized  between  both  beams  at  the  output  of  the 
uncompensated  two-beam  interferometer.  The  dependence  of  the  OPD  on  the  transverse  position  vector  R  means  that 
two  superimposed  and  slightly  tilted  wavefronts  of  beams  give  rise  at  the  output  of  the  Michelson  interferometer  to 
interference  fringes  whose  spatial  frequency  is  determined  by  the  tilt  of  the  wavefronts,  that  is  by  the  tilt  of  the  mirrors. 

Let  us  consider  now  that  the  detecting  optical  fiber  is  used  at  the  output  of  the  Michelson  interferometer  to  launch  the 
optical  power  into  a  subsequent  spectrometer.  After  averaging  over  the  aperture  function  of  the  input  end  of  the 
detecting  optical  fiber  we  obtain  the  expression 

I{X)  =  loiX)  +  /, (X)  +  2F«F^  V/o(X)/,(X)  cos[(27r  /  X)Am (?^)] ,  (2) 

where  Iq(X)  and  /jfX)  are  contributions  of  both  beams  to  the  resultant  spectral  power  (spectrum)  /(X),  V[^  is  the 
visibility  of  the  spectral  interference  fringes  in  which  only  the  effect  of  the  limited  resolving  power  of  the  spectrometer, 
that  is  the  effect  of  the  spectral  integration  on  the  spectral  modulation,  is  included,  and  is  the  visibility  of  the 

spectral  interference  fringes  at  the  output  of  the  detecting  optical  fiber  and  A|^(X)  is  the  wavelength-dependent  OPD 
between  two  beams  in  the  Michelson  interferometer. 

One  may  conclude  from  Eq.  (2)  that  the  spectral  modulation  with  the  wavelength-dependent  period  of  modulation 

A(X)=X2 /A®m(?^),  (3) 

is  to  be  expected  whenever  the  spectral  analysis  is  performed  with  a  spectrometer  of  a  suitable  resolution. 
Consequently,  the  highest  visibility  of  the  measured  interference  fringes  can  be  achieved  using  a  spectrometer  whose 
width  of  response  function  is  small  compared  with  the  period  of  the  spectral  modulation.  In  Eq.  (3),  A^f^(X)  represents 
the  group  OPD  between  both  beams  in  the  uncompensated  Michelson  interferometer  defined  by  the  well-known 
relation 

A®^,(X)  =  AM(;^)-?^[dAM(^)/dX].  (4) 

It  is  clear  that,  the  larger  the  group  OPD  in  the  Michelson  interferometer,  the  smaller  is  the  period  (the  higher  is  the 
fringe  frequency)  of  spectral  modulation,  and  vice  versa. 

If  the  overall  visibility  of  spectral  interference  fringes  is  introduced  by  the  relation 

V,{X)  =  2V^V^,[T^{X^)I[I^{X)+I,{X)\,  (5) 
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from  which  the  effect  of  both  the  spatial  and  the  spectral  integration  as  well  as  the  effect  of  different  contributions  of 
both  beams  on  the  visibility  of  the  measured  spectral  interference  fringes  in  a  two-beam  interference  experiment  is 
clarified,  Eq.  (2)  can  be  rewritten  into  the  most  used  form 

1(1)  =  /(‘’>(>.){l  +  P'/(Mcos[(27i  /  ,  (6) 

where  is  the  reference  spectral  power,  that  is  the  reference  spectrum,  in  which  the  effect  of  both  the  source 

spectrum  and  the  response  function  of  the  spectrometer  is  inscribed.  Using  recurrence  non-linear  filtering  method  the 
wavelength  dependence  of  both  the  group  OPD  and  the  envelope  maximum  position  of  *e  spectral  frinps  can  be 
extracted  from  the  measured  spectral  interferogram.  Model  Eq.(6)  is  the  basic  for  the  following  data  processing. 

2.2.  Recurrence  non-linear  data  processing 

Real  interferometric  signal  is  proportional  to  the  intensity  value  Eq.(6)  and  is  distorted  by  noise  influence,  so  the  data 
samples  series  must  be  presented  in  the  form 

St  =  5o  [1  +  Vt  cos  (Oi  -I-  Npt,  )]  +  N^,  (7) 

where  k=0,...,  ^-1,  d’t  are  the  samples  of  the  phase  function, 

<t>t  =  (8) 

(  =  0 

Uj  are  the  samples  of  circular  local  fringe  frequency,  AX.  is  the  wavelength  step  of  the  discretisized  spectral 
interferogram  Eq.(6),  Npt  and  are  the  phase  fluctuations  and  additive  observation  noise  correspondingly, 
M[ApJ=M[iVJ=0,  M[N\t]=o^ph,  M[A^\]=  M[.]  denotes  the  mathematical  average  operation.  Model  presented  by 

Eqs.(7),(8)  includes  the  vector  of  parameters  @  =  {y,0,U,N  p^)  ■ 

It  is  well-knovra  the  Fourier  transform  method  (FTM)  of  fringe  analysis'^  that  is  widely  used  for  recovering  of  the 
fringe  phase  O  .  The  accuracy  limitations  of  FTM  were  investigated  in  detail  (see,  for  example,  die  paper  ).  The  main 
disadvantages  of  FTM  are  the  edge  effect  that  caused  by  the  limited  extent  of  the  fringe  pattern,  instability  of  the  phase 
calculation  with  the  influence  of  noises  Np^^ ,  and  necessity  to  solve  a  phase  unwrapping  problem.  Now  we  give 

the  solution  of  the  problem  of  the  noise-immune  estimation  of  the  fringe  frequency  by  non-linear  recurrence  filtering 
method  using  the  results  published“^'*  with  application  to  spectral  modulated  interferograms. 

Let  us  suppose  that  envelope  variation  Eq.(7)  is  approximated  by  exponential  function,  namely 

F,«Fexp(-C|),  (9) 

where  Q  =(X.4  -  X„)B  ,  X„  is  the  envelope  maximum  position,  B  is  the  parameter  that  defines  the  envelope  width. 

So  vector  of  informative  parameters  includes  three  components,  ©  =  ([/,  3>,  C)  .  The  first  component  gives  the 

information  about  group  OPD.  Calculation  of  the  second  parameter  gives  the  possibility  to  recover  if  necessary  the 
unwrapped  phase  function  by  Eq.(8).  The  third  component  characterizes  the  visibility  maximum  position.''* 

In  the  paper'^  were  presented  the  equations  that  may  be  applied  to  recurrence  non-linear  filtering  of  vector  of 
parameters  of  the  spectral  interferogram  in  the  form: 

©,  =©^'  -s(^„©r)-B2  hYiK  (10) 

R,=R‘-'(l-D,DjR*-'L*'),  (11) 

where  R  is  the  correlation  matrix  of  parameters,  D  is  knovra  sensitivity  vector  (i.e.  vector  of  derivatives  of  ideal  model 
by  parameters),  S*  is  the  series  of  observed  scalar  interferometric  data,  S^X.^,©^'' j  is  the  series  of  modeled  values  of 
the  signal  Eqs.(8),(9),  Bill  is  the  correction  component  by  Gaussian  approximation  of  parameters  probability  density 
function  of  the  2-nd  order'^  is  the  dynamic  filter  amplification  factor  dependent  on  the  value  S^X.^,©*"')  and  on 
the  additive  noise  dispersion  I  is  the  unit  matrix,  upper  index  ^-1  denotes  the  prediction  from  the  previous  step. 
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Using  coarse  a  priori  estimate  ©oof  vector  ©  one  can  calculate  the  value  5^X,o,©o  j  and  predict  values  ©{*  and 

S^A,i,©“  j  to  the  next  step.  Difference  between  observed  and  predicted  values  is  used  at  each  step  in 

Eq.(lO)  for  non-linear  correction  of  predicted  vector  of  parameters  ©t“’ .  For  this  purpose  are  used  known  sensitivity 
vector  and  correlation  matrix  of  parameters  R*  recalculated  at  each  step  in  Eq.(ll).  It  was  shown'^  that  such  a 
procedure  is  equivalent  to  optimal  filtering  of  each  component  included  in  vector  ©  .  In  particular  it  can  be  recovered 
the  fringe  frequency  corresponding  to  the  spectral  modulated  interferogram  Eq.(6). 

3.  EXPERIMENTAL  SETUP 

The  experimental  setup"  used  in  the  investigation  of  the  spectral  interference  between  two  beams  at  the  output  of  the 
uncompensated  Michelson  interferometer  is  shown  schematically  in  Fig.  1.  A  Toshiba  TOLD  9140  laser  diode  (LD) 
with  a  collimator  is  used  as  a  source  of  a  low-coherence  optical  radiation.  The  TOLD  serves  as  a  variable  coherence 
length  source  whose  spectrum  can  be  varied  by  varying  a  drive  current.  Consequently,  a  drive  connected  with  the  LD 
allows  both  the  desired  width  of  the  spectrum  and  the  output  optical  power  of  the  LD  to  be  obtained.  The  light  from  the 
LD  is  launched  into  a  Michelson  interferometer  which  consists  of  two  mirrors  and  a  beamsplitter.  The  wavelength 
dependence  of  the  OPD  results  from  different  path  lengths  of  both  beams  through  the  dispersive  medium  of  a 
beamsplitter.  Beams  are  combined  at  the  output  of  the  interferometer  giving  for  a  suitable  OPD,  that  is  for  the  OPD 
shorter  than  the  source  coherence  length,  spatial  interference  fringes.  When  the  OPD  is  substantially  magnified,  the 
spatial  interference  fringes  disappear.  The  position  of  mirror  1  is  controlled  by  a  micropositioner,  which  enables  to 
adjust  the  desired  fine  change  in  the  OPD  with  nearly  micrometer  accuracy. 


I - 1 

Mirror  2 


Figure  1.  Experimental  setup  for  the  investigation  of  the  spectral  interference 
between  two  beams  in  a  Michelson  interferometer 

The  Michelson  interferometer  configuration  is  placed  on  the  optical  table  which  supports  a  vibrational  isolation. 
Because  the  spectrometer  is  placed  in  a  different  room  from  the  Michelson  interferometer  configuration,  a  multimode 
optical  fiber  acting  as  the  detecting  optical  fiber  is  used  to  launch  the  optical  power  from  the  output  of  the 
interferometer  into  the  entrance  slit  of  the  monochromator.  Moreover,  the  multimode  optical  fiber  whose  core  diameter 
is  approximately  200  pm  serves  as  a  spatial  filter.  A  microscopic  objective  and  micropositioners  are  used  to  launch  the 
light  from  the  interferometer  into  the  detecting  optical  fiber. 

The  light  from  the  detecting  optical  fiber  is  focused  by  a  lens  into  a  Carl  Zeiss  SPM  2  grating  monochromator.  A 
variable  width  of  the  entrance  slit  of  this  monochromator  enables  the  desired  resolving  power  of  the  monochromator  to 
be  adjusted.  The  monochromator  is  controlled  by  a  stepper  motor.  At  the  output  of  the  monochromator,  a 
semiconductor  p-i-n  photodetector  with  an  amplifier  is  used.  The  stepper  motor  and  the  amplifier  coupled  with  an  IBM 
personal  computer.  By  this  system,  the  range  of  measured  wavelengths,  the  wavelength  step  AX  between  two 
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measurements  can  be  controlled.  Recurrence  data  processing  method  yields  the  parameters  of  the  spectral 
interferogram  synchronically  with  the  data  samlpling  in  dynamic  regime. 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Recurrence  non-linear  filtering  method  was  applied  to  the  analysis  of  the  spectral  interferograms  observed  m  the 
scheme  Fig  1  in  previous  work  ".  The  example  of  the  series  of  data  samples  is  presented  m  Fig.  2a.  The  whole  number 
of  discrete  samples  K  was  equal  to  150  points  in  the  wavelength  range  30  nm  and  the  wavelengh  step  between  two 

points  was  AX  ~  0,2  nm  . 


a)  b) 


c)  ^ 

Figure  2.  Initial  spectral  interferogram  and  the  dynamic  recurrence  estimates  of  its  local  parameters 

dependent  on  the  wavelength  value  (nm) 


The  results  of  data  processing  are  shovm  in  Figs.  2b-d,  where  are  presented  correspondingly  the  evolution  of  dynamic 
estimates  of  the  envelope  parameter  C,  local  circular  fringe  frequency  U  and  the  fringe  envelope  maximum  position 
.  All  the  parameters  were  calculated  simultaneously  according  to  the  Eqs.  (10),(1 1)  at  each  step.  Estimates  of  the 

local  fringe  frequency  give  the  possibility  to  calculate  the  group  OPD  by  the  evident  formula  (see  Eq.  (3)  and  Ref.’^) 

A\J^{X}  =  {I  /  2n)  U{X)  /  X^  .  (12) 

Thus  the  distance  measurement  is  transformed  to  the  frequency  measurement.  Selecting  the  middle  value  of 
U  =  0,435 rad/step  one  can  find  from  Eq.  (12)  the  group  OPD  estimate  as  A®m(^)  =  160pm  (A,  =680  nm)  that  is  in 
good  agreement  with  the  result  found  ealier."  The  accuracy  of  this  estimate  is  defined  by  the  range  of  the  local  fringe 
frequency  deviation.  The  error  can  be  easily  assessed  according  to  the  data  Fig.  2c  and  the  relative  RMS  error  (2ct)  of 
OPD  is  less  than  1 ,5%.  Using  the  data  Fig.  2b  and  d  one  can  assess  as  well  the  spectral  power  density  (spectrum)  of  the 
light  source  that  is  described  by  the  exponential  mode!  Eq.  (6)  with  the  locally  variable  parameters.  True  maximum 
position  of  the  power  spectrum  at  the  73-rd  point  (A,=690  nm)  was  found  already  at  thel5-th  step,  A=678  nm. 
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(see  Fig.  2d)  with  the  accuracy  of  1  nm  (5  points).  Note  that  a  priori  estimate  of  this  parameter,  the  103-rd  point,  was 
very  coarse  and  proposed  algorithm  had  provided  the  stable  dynamic  estimate  with  the  quick  convergence. 

5.  CONCLUSION 

The  mutual  interference  of  two  beams  in  the  spectral  domain  has  been  demonstrated  experimentally  at  the  output  of  the 
uncompensated  Michelson  interferometer  excited  by  a  low-coherence  source  when  the  OPD  between  both  beams 
exceeds  the  coherence  length  of  the  source.  Spectral  interferograms  have  been  successfully  analyzed  using  recurrence 
non-linear  data  processing  method.  The  wavelength  dependencies  of  the  group  OPDs  have  been  expressed  by  the  local 
spectral  fringe  frequency  variations.  It  is  clear  the  advantage  of  the  proposed  approach  with  respect  to  known  FTM, 
where  the  local  fringe  frequency  could  not  be  found  directly  because  of  global  character  of  data  processing. 
Recurrence  vector  signal  processing  gives  the  optimal  estimates  of  all  the  parameters  of  spectral  interference  fringes 
that  were  included  in  vector  ©.  Method  yields  the  spectrum  estimate  of  the  light  source  as  well  as  fringe  frequency. 
Recurrence  character  of  calculation  is  convenient  for  any  step-controlled  spectrometer.  As  a  rule  the  whole  steps 
number  in  data  series  and  full  measurement  interval  may  be  decreased  essentially  with  respect  to  FTM.  High  noise- 
immunity  of  the  non-linear  filtering  method  provides  the  measurement  with  very  small  wavelengh  step  and  high 
resolution  that  extends  the  OPD  measurement  range.  The  general  advantages  of  non-linear  recurrence  filtering  are: 
optimal  estimation  of  useful  parameters  that  depend  on  intensity  non-linearly;  noise-immunity;  solving  the  phase 
unwrapping  problem  automatically  by  recurrence  calculations  and  using  Eq.  (8);  possibility  to  use  the  algorithm  with 
changing  of  signal  parameters  because  of  adaptive  character  of  algorithm.  Stability,  accuracy  and  quickness  of  non¬ 
linear  recurrence  filtering  are  increased  when  a  priori  information  about  interferometric  data  is  enough  reliable. 
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ABSTRACT 

Possibilities  are  considered  of  noisy  signals  processing  by  four-wave  mixing  (FWM)  of  laser  radiation  in  a  two- 
level  medium  with  taking  into  accoimt  of  the  combined  influence  of  spatial  phase  matching,  nonlinear  response  inertia,  and 
phase  cross-modulation.  Regularities  of  time  behavior  transformation  of  randomly  modulated  signal  are  collated  with 
particularities  of  FWM-reflectivity  of  deterministic  pulses.  Results  are  discussed  of  correlation  analysis  of  FWM  with 
partaking  in  a  random  way  amplitude  (or  phase)  modulated  signals. 

Keywords:  four-wave  mixing,  phase  conjugation,  noisy  signals,  random  process,  autocorrelation  function,  and  spectral 
density. 


1.  INTRODUCTION 

A  characteristics  of  actual  laser  systems  is  that  the  amplitude  and  phase  of  their  radiation  are  subjected  to  fluctuations  that 
significantly  influence  the  stability  of  reproduction  of  the  required  characteristics  of  light  pulses.’  As  a  consequence,  the 
parameters  of  the  output  radiation  of  such  systems  are  also  subjected  to  fluctuations.  The  present  repot  is  devoted  to  the 
investigation  of  the  specific  features  of  the  four-wave  mixing  (FWM)  of  random  signals  with  bandwidth-limited  pump 
pulses.  The  actual  possibilities  of  processing  of  chirped  signals  with  the  use  of  the  methods  of  dynamic  gratings  are 
considered  for  the  FWM  of  laser  ra^ation  in  a  two-level  medium  with  regard  to  the  combined  action  of  the  mechanisms  of 
spatial  phase  matching,  finite  nonlinear  response  time,  and  phase  cross-modulation.  The  time  behaviour  of  signal  waves  at 
the  exit  of  a  nonlinear  medium  in  specific  realizations  and  their  statistic  characteristics  (autocorrelation  function  and 
spectral  density)  are  analyzed.  The  regularities  of  the  transformation  of  the  time  behaviour  of  the  amplitude  and  the  phase  of 
randomly  modulated  initial  signal  in  specific  realizations  are  compared  with  the  features  of  the  FWM  reflection  of  a 
determiiustic  signal.  The  results  of  the  correlation  of  randomly  amplitude-  and  phase-modulated  signals  (A(P)MS)  are 
discussed. 


2.  BASIC  MODEL 

The  possibilities  of  processing  of  deterministic  signals  and  realization  phase  conjugation  at  FWM  in  different  nonlinear 
tnpHia  are  sufficiently  investigated.^"^  In  particular,  the  combined  action  of  series  of  mechaiusms  (spatial  phase  matching, 
nonlinear  response  inertia,  and  phase  cross-modulation)  can  markedly  distort  the  spectral-temporal  parameters  of  the  initial 
signal.^  Because  of  this,  a  phase  conjugation  free  from  marked  distortions  of  deterministic  PMS  can  be  realized  in  the  case 
were  certain  conditions  are  fidfilled  and  it  is  accompanied  by  a  shortening  of  the  envelope  of  the  conjugate  wave  and  a 
narrowing  of  its  spectrum. 

Reduced  below  analysis  is  based  on  the  methods  of  numerical  simulation  of  the  process  and  on  the  theoretical  model  of 
a  transient  FWM  described  by  the  integrodififerential  system  of  equations'’  ®  for  the  nonlinear  susceptibility  of  the  medium 


2  2 

Pll^tXNl  +  (1  +  «|^|  )Xni  =-noCoaS  I2n  , 


(1) 


and  the  electric  field  of  the  interactive  waves 


(v  '■df  =  -(/2m»/«oc)(;?ro^i,2  -’-2:11^3,4)  > 
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(v  ±  )E2^4  =  -(i27ra>lnoc)(xoEj  4  +  » 


(2) 


Zq  =  (271)  ^  j zm  (xp(-iqK-r)d(K_r),(q  =  0,±1) , 

-It 

where  /Jq  ,  «o  are,  respectively,  the  refractive  index  and  the  extinction  coefficient  of  an  unexcited  medium;  a  =  a  +  /a  is  a 
complex  nonlinear  parameter;  P2\  is  the  total  probability  of  spontaneous  and  nonradiative  transitions;  a  =  criQa I %7r ;  v  is 
the  velocity  of  light  in  the  medium;  £,  =i,  exp(;>,  )  are  the  slowly  varying  amplitudes;  K+  =^i  ±*3  are  vectors  of 
dynamic  gratings  induced  in  a  two-level  resonant  medium.  The  closed  system  of  integrodifferential  equations  (1)  -  (2) 
corresponds  to  the  approximation,  when  the  large-scale  dynamic  gratings  K_  are  took  part  in  to  account  only.  The  system 
of  equations  (1)  -  (2)  makes  possible  to  investigate  FWM  with  taking  into  account  the  depletion  of  the  pump  fields,  the 
nonlinear  absorption  of  all  interactive  waves,  and  the  appearance  of  a  finite  nonlinear  response  time  of  the  medium. 

Series  of  mechanisms  can  sufficiently  influence  on  the  spectral-temporal  parameters  of  initial  signals.  The  wave-vector 
mismatch  of  interactive  waves  hk  reduces  the  efficiency  of  formation  of  the  fourth  wave  Eq ,  the  amplitude  of  which  falls 
by  a  factor  of  two  for  MI/ 2  «  2  .  The  width  of  the  spectrum,  within  the  limits  of  which  the  phase-conjugate  pulse  can 
effectively  reproduce  the  spectral  components  of  the  initial  signal  is: 

h.C04c  =  20o  /II  • 

The  spectral  width  Ata4c  of  an  FWM-filter,  determined  by  the  spatial  phase  matching  mechanism,  is  related  to  the  transit 
time  of  the  radiation  in  the  medium  Tf^„=LI\  by  =  2  .  If  the  radiation  frequency  is  v  =  5x10’“  Hz  and  if 

1=1.3x10^  cm’’,  1=1  cm,  and  rto=1.25,  we  find  that  «  4.2x10-"  s  and  the  bandwidth,  determined  by  the  spatial 
phase  matching,  is  estimated  as  A1/4C  =  ^.0)4^  Una  7.6x  10®  Hz. 

The  finite  nonlinear  response  time  can  be  responsible  for  the  frequency  filtering  of  the  input  signal  during  the  formation 
of  conjugate  wave  with  the  central  frequency  (O3  =  coq  and  with  the  half-width 

A®4„=2t^’,  (4) 

where  =  [(l  +  ^o)/’2i]~^  i®  effective  relaxation  time  of  the  nonlinear  response,  Jq  =  P2\- 

and  the  total  intensity  varies  in  the  range  1 » aJg  =  ^  quantity  i^C04„  /  2;r  fluctuates  within  the  limits 

3.2  xl0*-^6  xlO*Hz. 

Strong  pump  waves  give  rise  to  phase  cross-modulation  of  the  fourth  wave.  A  sufficiently  high  level  of  the  cross¬ 
modulation  can  distort  the  initial  phase  of  the  signal  and  can  significantly  act  on  the  spectral  composition  of  the  conjugate 
and  signal  pulses.®  The  spectral  broadening  of  the  conjugate  pulse  as  a  result  of  cross-modulation  can  be  estimated  as 

AfiJcm  ®  =  2-4 In 2  -Xq^  ,  (5) 

where  (j)^ax  =  coodSoaL(2Afo  +  A^oJ/c  is  the  maximum  frequency  shift. 
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If  the  signal  is  chirped  in  accordance  with  the  square  law  A^o(t)  =  A^q  exp[-{l  +  im)t^  /  2xq\ ,  the  width  of  the  spectrum 

Afljp;,  is  defined  by  rgAcOph  =  2[ln  2{1  +  .  The  phase-conjugate  pulse  is  obtained  if  the  spectral  width  of  the  FWM- 

filter  does  not  limit  effective  FWM  of  all  spectral  components  of  the  chirped  signal.  It  follows  from  the  above  estimates  that 
the  main  constraint  comes  from  the  finite  response  time,  i.e.  it  is  necessary  to  satisfy  the  condition  AcOpf,  <  A(04j„  .  Full 

phase  conjugation  of  a  chirped  pulse  is  possible  if  the  duration  of  initial  signal  is  satisfied  the  following  condition: 

Xq  >  [In  2{1  +  .  (6) 


The  phase  conjugation  of  PMS  in  a  time  is  obtained  without  visual  distortions,  if  from  one  side  the  spectral  width  of  the 
FWM  filter  does  not  limit  effective  FWM  of  all  spectral  components  of  the  chirped  signal,  and  from  another  the  spectral 
width  of  the  initial  signal  is  visibly  gone  beyond  the  broadening  dependent  by  the  cross-modulation: 

AfiJcm  «  Aa)ph  <  A©4c,  Ao)4„  .  (7) 


3.  TRANSFORMATION  of  NOISY  SIGNALS  by  FWM 

The  signal  was  described  with  the  use  of  a  statistical  approach  that  makes  it  possible  to  represent  a  random  pulse  as  optical 
noise  bursts 


•£30(m)  -  ^^(m)  (O'Fq  (0 

where  ^(m)(0  is  a  complex  Gaussian  random  process  with  a  zero  mean,  a  unit  dispersion,  and  a  Gaussian  correlation 
function;  is  the  deterministic  component  of  the  field;  s  is  the  parameter  characterizing  the  level  of  noise.  As  a  model 
of  the  initial  signal  we  also  considered  the  superposition  “signal  +  noise” 

^30(m)(0  =  To(0  +  ^#(m)(0,  (9) 

where  the  first  term  has  a  meaning  of  a  regular,  wholly  predictable  characteristic  of  the  signal,  and  the  second  term  is  a 
fluctuation  component.  The  most  full  information  about  the  FWM  process  can  be  obtained  in  numerical  experiments  that 
make  it  possible  to  analyze  both  the  behaviour  of  single  realizations  and  the  statistical  characteristics  obtained  by  averaging 
over  the  set  of  solutions  of  the  system  of  the  equations  (1)  -  (2)  with  initial  conditions  (8)  or  (9). 

3.1.  FWM  with  the  participation  of  a  randomly  amplitude-modulated  signal  Numerical  experiments  performed  for 
FWM  of  bandwidth-limited  pumps  and  randomly  amplitude-modulated  signal  (it  was  assumed  that  the  phase  of  the  signal 
has  a  constant  value)  allowed  us  to  estabhsh  the  following  regularities.  In  a  specific  realization  of  the  process  we  observed 
the  smoothing  of  the  amplitude  fluctuations  in  the  fourth  pulse  formed  in  the  FWM.  Such  behaviour  modeled  for  the  initial 

random  pulse  by  the  formula  (8)  at  s  =  0.2  and  To(0  =  ^3oexp(-(//ro)^)  (doted  fine)  is  illustrated  in  Fig.  1.  These  results 

are  corresponded  to  the  following  conditions  of  FWM:  the  duration  of  interactive  pulses  is  Tq  =  lO/jji  i  t^e  intensities  of 

pump  pulses  in  maximum  ,  where  I, a,  =  is  the  saturation  intensity  of  a  resonant  medium;  and  the 

interaction  length  is  Z  =  {2wXo  /c)  =  1 .  It  is  seen  that  the  fluctuations  of  the  amplitude  of  the  fourth  pulse  (solid  line)  are 
practically  absent  at  the  wings  of  the  profile  and  have  a  markedly  smaller  value,  as  compared  with  the  initial  signal,  at  the 
centre.  Besides,  the  signal  pulses  are  subjected  to  a  regular  phase  modulation  caused  by  the  nonlinear  cross-modulation  in 
the  presence  of  strong  pump  waves.  The  main  future  of  the  behaviour  of  the  phase  cross-modulation  is  similar  to  the 
manifestation  of  this  effect  in  the  FWM  of  deterministic  bandwidth-limited  signals.®  The  future  is  illustrated  in  Fig.  2. 
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Fig.  1.  Time  behaviour  of  the  amplitude  of  the  fomlh  pulse  Fig.  2.  Time  behaviour  of  the  induced  phase  of  the 
(solid  line)  calculated  for  a  randomly  amplitude-modulated  fourth  pulse  calculated  for  a  randomly  amplitude- 

signal  (doted  line)  at  ro=10pj/,  sat  >  L  =  l,  modulated  signal  at  ro=10/?2i,  L  =  \, 

5=0.2.  5=0.2. 

Correlation  analysis  of  the  FWM  with  the  participation  of  a  randomly  AMS  has  shown  that  the  statistic  of  signal  pulses 
is  markedly  modified.  Figure  3  shows  the  modules  of  the  correlation  coefficient 

i?,(r)  =  cr^  =  5(0),  (10) 


where  5,  (r)  =  (A,  (0A,  (t+r)exp[/>,  (t)-9J,  (t  +  r)])  is  the  correlation  fimction  for  the  signal,  /=3,  (dashed  line)  and  the 

fourth  wave  /=4  (solid  line)  formed  at  the  exit  from  the  nonlinear  medium.  As  is  seen,  the  behaviour  of  the  correlation 

coefficient  of  the  signal  waves  differs  significantly  from  that  of 
the  initial  signal,  and  the  correlation  time 


7(7/  =4j|5,(T)|ifT  (11) 

0 

is  markedly  decreased.  This,  in  turn,  manifests  itself  as  a 
transformation  of  the  spectral  distribution  of  signal  waves,  as  a 
result  of  which  the  width  of  the  spectra 

00 

Am,  =  Jg,  (»)£/<»/ G,  n,ax  =o-^/ 2|G,  max  I  increases  with 

0 


increasing  the  level  of  cross-modulation  ( =  27t ). 


Fig.  3.  Modulus  of  the  correlation  coefficient  of  the  signal 
(dashed  line)  and  the  fourth  pulse  (solid  line)  at 

7o  =  10/?2/  .  ^^2  =  0-5/^af ,  L  =  \,  5=0.2. 

3.2.  FWM  with  the  participation  of  a  randomly  phase-modulated  signal  FWM  with  the  participation  of  a  randomly 
phase-modulated  signal  (the  amplitude  of  the  signal  was  set  by  the  deterministic  function  with  a  Gaussian  profile)  and 
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bandwidth-limited  pumps  causes  a  marked  amplitude  modulation  of  signal  waves.  This  situation  is  illustrated  in  Fig.  4, 
where  a  specific  realization  of  the  amplitude  of  the  fourth  wave  is  shown.  The  specific  feature  of  the  influence  of  cross¬ 
modulation  at  FWM  with  the  participation  of  noisy  signal  is  consisted  in  that  it  is  possible  to  smooth  noticeably  a  random 
phase  component  of  pulse  in  the  case  of  high  level  of  the  phase  cross-modulation. 

The  autocorrelation  coefficients  of  the  signal  and  fourth  waves  are  shown  in  Fig.  5.  Their  behaviour  points  to  the  fact 
that  the  correlation  time  of  both  the  signal  and  the  fourth  pulse  decreases  in  the  process  of  FWM.  In  this  case  the  correlation 
time  of  the  signal  waves  decreases  more  markedly  as  compared  with  the  FWM  for  a  randomly  AMS. 


Fig.  4.  Time  behaviour  of  the  amplitude  of  the  fourth  pulse 
(solid  line)  calculated  for  the  randomly  phase-modulated 

signal  (doted  line)  at  ro=10p2i.  -^1,2  =0.5/^of  >  ^  = 

j=0.2. 


Fig.  5.  Modulus  of  the  correlation  coefficient  of  the 
randomly  phase-modulated  signal  (dashed  line)  and  the 

fourth  pulse  (solid  line)  at  Vq  =  > 

L  =  \,  5=0.2. 


4.  CONCLUSION 

In  summary  it  should  be  said  that  in  a  specific  realization  of  the  process  of  four-wave  mixing  with  the  participation  of  the 
randomly  AMS  there  can  occur  a  marked  smoothing  of  the  amplitude  fiuctuations  in  the  fourth  pulse  formed  at  FWM.  In 
this  regime  of  interaction  the  statistics  of  signal  pulses  at  the  exit  from  a  nonlinear  medium  is  markedly  modified:  the 
behaviour  of  the  correlation  coefficient  points  to  the  appreciable  decrease  in  the  correlation  time  and  the  corresponding 
broadening  of  the  spectra  as  compared  with  the  statistic  characteristics  of  the  initial  signals.  In  the  case  of  FWM  with  the 
participation  of  a  randomly  PCM  there  takes  place  a  marked  amplitude  modulation  of  signal  waves  and  an  even  more 
effective  (as  compared  with  a  randomly  AMS)  decrease  in  the  correlation  time  of  the  signal  pulses  at  the  exit  from  a 
nonlinear  cell. 
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ABSTRACT 

A  noise-immune  method  of  phase  retrieval  of  single  moir6  interferometric  fringe  pattern  is  presented  and  discussed.  The 
method  is  shown  to  provide  accurate  recovering  of  the  phase  information  by  combined  method  based  on  modification  of 
local  histogram  of  the  fringe  intensity  and  two  dimensional  Fourier  transform  of  enhanced  moir6  fringe  pattern.  The 
principle  of  the  method  is  described  and  the  experimental  results  of  moird  interferometric  measurements  with  submicron 
sensitivity  of  the  in-plane  displacement  fields  of  thick  carbon  fibre/PEEK  composite  laminates  are  presented  as  example  of 
application  of  the  technique. 

Keywords:  interference  fringe  analysis,  local  intensity  histogram,  Fourier  transform,  phase  recovering 

1.  INTRODUCTION 

Analysis  of  noisy  interferometric  signals  and  fringe  patterns  plays  an  important  role  in  remote  sensing,  measurement  of 
geometrical  quantities  of  real  objects  and  material  evaluation.  In  many  cases  interference  fringe  pattern  is  distorted  by  noise 
influence  and  local  fringe  defects  that  make  it  difficult  to  process  the  intreferogram  data  quantitatively.  The  well-known 
fringe  processing  methods  based  on  Fourier  Transform  (FTM)’’^  or  fringe  approximation  by  non-linear  polinomials^  do  not 
provide  a  noise-immunity  of  phase  recovering  and  they  demand  taking  much  computing  time. 

The  recently  developed  image  enhancement  method"*  relies  on  the  modification  of  the  gray-level  image  intensity  histogram, 
that  is  the  estimate  of  the  intensity  probability  density  function  (PDF).  The  enhancement  of  the  intensity  distribution  is 
performed  by  modifying  the  experimental  histogram  to  the  desired  one  and  by  the  restoration  of  the  signal  from  the  modified 
histogram.  It  has  been  shown"*  that  estimated  PDF  (histogram)  can  be  transformed  to  the  desired  one  by  a  simple 
transformation  of  the  pixel  values  of  digitized  image.  A  drawback  of  a  direct  application  of  this  method"*  is  caused  from  the 
global  character  of  interferogram  data  processing,  which  often  makes  it  impossible  to  suppress  local  fringe  defects. 

The  problem  can  be  overcome  by  using  the  proposed  method  of  modification  of  a  local  fringe  pattern  intensity  histogram. 
Local  histogram  modification  may  be  interpreted  as  a  non-linear  filtering  with  signal  dependent  filter  impulse  response.  Such 
an  operation  allows  to  suppress  the  noise  and  local  fringe  defects  without  decreasing  the  fringe  visibility  compared  to  the 
conventional  low-pass  filtering  techniques  in  frequency  domain.  The  enhanced  fringe  pattern  is  processed  by  the  standard 
2-D  fast  Fourier  transform  algorithm  applied  to  the  single  interferogram’’®.  Since  we  apply  the  2-D  FTM  to  a  fringe  pattern 
with  enhanced  quality,  the  phase  unwrapping  procedure  is  stable  and  the  full  phase  distribution  can  be  retrieved  completely 
without  influences  from  false  signals  that  distorts  the  phase  data  to  be  measured.  We  show  that  this  technique  can  be 
efficiently  used  for  automated  moir^  fringe  pattern  analysis. 

2.  inSTOGRAM  MODIFICATION  METHOD 

In  order  to  describe  the  principle  of  the  method,  let  us  denote  with  s  and  ^  the  ideal  and  the  observed  signal  values  with 
PDFs  p(s)  and  pi^),  respectively.  In  the  discrete  case  the  histograms  p{s„)  and  p{^„)  are  considered,  where  m 

indicates  the  quantization  level,  w  =  0, . . . ,  M  -  1 .  We  must  find  the  monotone  transform  function  T,  such  that  T(^„)  =  s„. 

It  had  been  shown"*  that  the  transform 

m 

=  7j(^„)=  Z^(4/)  (1) 

i=0 
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produces  a  histogram  of  the  uniformly  distributed  values  z„ .  The  same  uniform  histogram  can  also  be  calculated  by 
transforming  the  ideal  known  histogram  p(5,  ) ,  namely 


=^2^)= 

1=0 

From  Eqs.  (1),  (2)  one  can  find  ideal  values  are  related  to  the  observed  values  by  the  following  transformation 

^„  =  r(4„)  =  77‘[7’,(^„)].  (3) 

The  ideal  PDF  of  harmonic  stochastic  process  that  describes  the  useful  component  of  interference  fringe, 

s  =  b  cos  ({» ,  (4) 

with  the  constant  amplitude  b  and  phase  <(»  uniformly  distributed  inside  the  interval  (-tt,  ti)  is  presented  by  the  well-known 
formula: 


0,  |s|>b, 


(5) 


where  a]  =  b^  12  is  the  dispersion  of  the  harmonic  process.  The  curve  Eq.  (5)  is  presented  in  Fig.  1  as  the  curve  1 .  If  the 
signal  value  Eq.  (4)  is  distorted  by  the  noise  n  statistically  independent  on  the  signal  j  with  PDF  p„(n)  the  resulting  PDF 
p(s  +  «)  is  defined  by  the  convolution  of  p,(s)  and  p„(n)  and  the  peaks  of  the  curve  1  in  Fig.  1  are  blurred  as  shovm  by 
the  curve  2  for  the  case  of  Gaussian  noise  influence. 


Figure  1.  Ideal  fringe  PDF  (curve  1) 
and  PDF  blurred  by  the  influence 
of  Gaussian  noise  (curve  2) 


Figure  2.  Restoration  of  the  fringe  profile  from  noisy  fringe  by  modification 
of  local  intensity  histogram  to  ideal  PDF:  the  noisy  fnnge  (a),  the  modified 
histogram  pis)  at  the  short  interval  (zi,  ^2)  being  found  from  the  observed 
histogram  pi^)  {b),  and  restored  fringe  from  the  modified  histogram  (c) 


The  application  of  the  restoration  procedure  by  the  histogram  modification  Eq.  (3)  is  illustrated  in  Fig.  2.  This  procedure 
assumes  that  one  has  to  preliminary  know  the  background  component  and  the  local  fringe  amplitude  b.  However,  these 
quantities  are  usually  unknown  and  it  is  desirable  to  extend  the  histogram  modification  method  in  order  to  avoid  the 
determination  of  the  fiinge  parameters.  Our  approach  relays  to  the  consideration  that  in  the  ideal  PDF  (see  curve  1  in  Fig.  1) 
the  probability  to  find  the  extreme  values  of  the  fringe  pattern  intensity  distribution  is  higher  than  any  other  intermediate 
intensity  values.  Hence,  it  is  possible  to  find  the  approximation  for  the  enhanced  fringe  histogram  by  the  simple 
transformation 

pis)«k[pil,)T,  (6) 

where  k  is  the  normalizing  coefficient,  a  >  1  is  the  histogram  modification  degree. 

It  can  be  easily  shown  that  the  averaged  fringe  intensity  value  to  be  calculated  inside  the  interval  (x,,X2)  from  the  non- 
modified  “sliding”  local  histogram,  can  be  equivalently  obtained  by  a  convolution  with  the  normalized  rectangular  impulse 
response  hix„ )  of  linear  filter  with  the  length  of  N  points,  namely 
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(7) 


M-\  /A/-'l  A'-I  N-\ 

m=0  /  771=0  n-0  n~0 

It  is  clear  that  the  convolution  Eq.  (7)  will  result  in  the  decreasing  of  fringe  amplitude  by  the  factor  sinc(IAx/  B),  where 
Ax  is  the  step  of  discretization,  sinc(y)  =  sin(7^)  /  (Try)  and  B  is  the  fringe  period.  Transformation  of  the  histogram  by  the 
Eq.  (6)  allows  to  compensate  for  the  amplitude  losses  and  to  increase  the  fringe  visibility.  Thus,  the  transformation  Eq.  (6) 
may  be  interpreted  as  a  non-linear  filtering  operation  with  the  signal  dependent  filter  impulse  response. 

An  example  of  application  the  histogram  modification  method  to  noisy  interferogram  is  shown  in  Fig.  3.  Histograms  were 
calculated  in  four  directions  inside  the  local  area  of  the  interferogram  Fig.  3,  a.  Parameter  a  in  Eq.  (6)  was  chosen  equal 
to  2.  It  can  be  clearly  seen  in  the  Fig.  3b  the  effective  suppression  of  a  local  fringe  defects  without  decreasing  the  fringe 
visibility. 


a)  b) 


Figure  3.  Initial  interferogram  distorted  by  noise  and  local  fringe  defects  (a)  and  enhanced  interferogram  {b) 

It  is  worth  to  emphasize  that  in  difference  to  conventional  low-pass  filtering  Eq.  (7)  the  transformation  Eq.  (6)  may  be 
applied  to  fringe  pattern  enhancement  iteratively  without  decreasing  the  fringe  visibility.  The  application  to  the 
interferogram  Fig.  3a  of  the  iterative  restoration  procedure  is  shovra  in  Fig.  4.  It  was  found  that  the  iterative  process 
converges  to  the  true  intensity  distribution  without  essential  systematic  error.  Approximately  after  4-th  iteration,  the  fringe 
defects  have  been  suppressed  enough  to  allow  for  a  stable  calculation  of  the  fringe  phase. 


Figure  4.  Iterative  steps  of  fringe  enhancement 


3.  PHASE  RECOVERING  OF  INTERFERENCE  FRINGE  PATTERN 

The  signal  value  j(x,>’)  =  p/(x,y)  proportional  to  the  fringe  pattern  intensity  distribution  I{x,y)  may  be  written  in  the 

following  form; 

s{x,  y)  =  a(x,  y)  +  b(x,  y)cos  (|)(x,  y)  ,  (8) 

where  a(x,y)  and  b(x,y)  are  the  background  and  the  envelope  of  the  fringe  pattern  intensity  distribution  and  (|)(x,y)  is 
the  phase  of  the  fringe  pattern. 
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By  Fourier  transforming  Eq.  (8)  and  by  using  the  well-known  convolution  theorem  we  obtain  the  2-D  fringe  spatial 
frequency  spectrum  in  the  following  form 

FWx.y)}  =  5(/„4)  -  44,4)+ 5(4,4)  *  C(4,4)  >  (9) 

where  F{}  denotes  the  Fourier  transform  operation  and  we  have  defined  A{fj^,fy)  =  V{a{x,y)},  B(^fj^,fy)  =  V{b{'x,y)}, 
and 

C(4 , 4  )  =  ^{cos  (l)(x,  j)}  (1  /  2)F{exp[-y<|)(x,  y)]}  +  (1  /  2)  F{exp[/-(t)(x,  y)]}.  (10) 

In  Eq.  (2)  *  denotes  the  2-D  convolution  symbol.  Putting  together  Eqs.  (9)  and  (10)  it  can  be  easily  seen  that  the  spectrum 
5(4 , 4 )  contains  essentially  three  components.  The  useful  information  about  the  fringe  phase  is  contained  in  either  of  the 

two  spectral  terms  in  C(4,4)  ■  order  to  retrieve  the  phase  one  needs  to  filter  out  one  of  these  terms. 

As  discussed  in  Refs.^  ®  one  can  calculate  the  phase  estimate  ^(x,y)  by  processing  of  a  single  interferogram  using  the 
inverse  Fourier  transform  of  C(4,4)  positive  frequencies  only,  namely 

$(x,y)  =  argF'{C(4>0,4)}.  (11) 

The  low  frequency  component  ,4(4 , 4 )  easily  removed.  The  last  term  in  Eq.(9)  can  be  used  for  phase  calculation 

in  Eq.(l  1)  if  we  neglect  the  influence  of  5(4,4),  taking  into  account  that  argF"'  (5(4,4)}  =  0  because 

b{x,  y)  in  Eq.(8)  is  real  value. 

According  to  Eq.  (11)  and  to  the  relation  f^{x,y)~  d^{x,y)l  dx  >  0  the  phase  estimate  in  Eq.  (11)  is  recovered  as  a 
monotonically  increasing  function  along  x  axis  and  the  sign  of  the  local  phase  deviations  is  lost.  Recovering  of  the  true 
phase  (|)(x,y)  from  phase  estimate  Eq.  (1 1)  of  the  single  interferogram  is  generally  based  on  a  priori  knowledge  about  the 

allowed  form  of  phase  function. 

The  enhanced  fringe  pattern  is  processed  by  the  standard  2-D  fast  Fourier  transform  algorithm  to  determine  the  2-D 
spectrum  44,4)  at  discrete  spatial  frequencies  4,4,  namely 

5(4,4)=!  i^(^i.>'/)exp[-y27r(4xi+4y,)],  (12) 

*=o  /=o 

where  j(xi,y,)  denotes  the  /i'  x  Z.  matrix  of  discrete  samples  of  digitized  pixel  pattern  at  the  points  x*.  =  ktsx ,  y/  =  /Ay 
and  where  Ax,  Ay  are  2-D  discretization  steps,  i.e.  the  pixel’s  steps  of  the  CCD  array.  Once  the  2-D  Fourier  transform  has 

been  applied,  Eq.  (11)  is  used  to  calculate  the  wrapped  phase  |(Xi.,y,)  from  the  filtered  spectrum. 

Because  we  have  computed  the  vwapped  phase  starting  from  an  enhanced  fringe  pattern  intensity  distribution  it  is  easy  to 
apply  the  simple  method  of  phase  unwrapping  based  on  location  of  phase  jumps  and  27t  correction  in  order  to  recover  the 
full  phase  (|)(xi ,  y/ )  as  samples  of  a  smooth  monotonically  increasing  function. 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

We  have  applied  the  above  discussed  combined  fringe  processing  method  to  retrieve  the  phase  from  the  moird  fringe 
patterns  shown  in  Fig.  5,  a  and  Fig.  6,a.  These  interferograms  were  recorded  by  using  a  four-beam  optical  interferometric 
system  configuration  previously  developed  for  characterizing  optical  transparent  materials  and  presented  in  detail  in  the 
paper^. 

An  expanded  and  collimated  He-Ne  laser  beam  (wavelength  X=  632.8  nm)  is  reflected  dovraward  onto  the  measuring 
arrangement  which  consists  of  a  crossed-line  highly-reflective  diffraction  grating  of  frequency  4  =  ^200  lines/mm,  firmly 

bonded  onto  the  surface  of  the  thick  laminated  composite  specimen  under  investigation.  When  loads  are  applied  to  the 
specimen,  the  grating  moves,  deforms  together  with  the  specimen  surface  and  the  +1  and  -1  diffraction  orders  suffer  a 
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spatially  dependent  angular  separation  which  produces  interferometric  moir^  fringe  pattern  shown  in  Fig.  5a,  i.e.,  the 
contour  map  of  the  horizontal  in-plane  u  displacement  fields  recorded  for  a  value  of  the  bending  moment  corresponding  to 
the  load  of  32Nm.  The  moir6  interferogram  of  the  vertical  in-plane  v  displacement  field  is  shown  in  Fig.  6, a.  The  moir^ 
interferograms  clearly  show  that  increasing  tensile/compressive  forces  produces  increasing  local  changes  in  the  fringe 
waviness  at  the  interfaces  of  the  laminate  indicative  of  interlaminar  shear  stresses  due  to  the  different  orientations  of  the 
embedded  carbon  fibers  in  the  layers. 


c) 

Figure  5.  Initial  fringe  pattern  (a),  recovered  wrapped 
phase  {b)  and  full  phase  after  sign  correction  (c) 


Z 


c) 

Figure  6.  Initial  fringe  pattern  (a),  recovered  wrapped 
phase  after  sign  correction  (6)  and  full  phase  (c) 


The  interferometric  fringe  patterns  are  viewed  at  normal  incidence  by  a  CCD  camera  array  with  an  8-bit  gray  scale, 
corresponding  to  256  levels  (array  size  756  x  581 ,  pixel  size  1  Ipm  x  1 1pm  )  focused  on  the  surface  of  the  composite.  The 
video  analogue  signals  from  the  camera  are  digitized  by  a  frame  grabber  plugged  in  a  computer  into  512  x  400  data  points 
in  the  x  and  y  directions  respectively,  corresponding  in  our  experimental  conditions  to  an  area  of  about  12.2  mm  x  9.5  mm  . 
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The  processing  procedure  applied  to  the  initial  moird  fringe  pattern  of  Fig.  5a  is  shown  in  Fig.  5b  and  Fig.  5c.  The  wrapped 
phase  computed  from  the  fringe  pattern  of  Fig.  5a  without  the  correction  of  the  phase  sign  is  shown  in  Fig.  5b.  The 
recovered  foil  phase  distribution  ^lx,y)  with  the  correction  of  the  sign  is  shown  in  the  3-D  plot  of  Fig.  5c. 

The  application  of  the  fringe  enhancement  method  to  the  moird  pattern  of  Fig.  6a  is  shown  in  Fig.  6b  and  Fig.  6c.  The 
computed  wrapped  phase  is  shown  in  Fig.  6b  after  correction  of  the  phase  sign.  Note  that,  when  the  topology  of  the  fringe 
pattern  is  approximately  symmetrical  as  in  Fig.  5b,  the  correction  of  the  phase  sign  can  be  performed  before  phase 
unwrapping.  Preliminary  Singe  enhancement  allows  for  a  stable  reconstruction  of  the  foil  phase  distribution  shown  in  Fig.  6c 
from  the  values  of  wrapped  phase  shown  in  Fig.  6b. 

A  clear  advantage  of  this  method,  when  it  is  applied  to  a  single  moird  fringe  pattern,  relies  on  the  possibility  of  processing 
interference  pattern  of  essentially  lower  spatial  frequencies  compared  to  those  analyzed  by  the  well-known  fringe  carrier 
FTM.  This  is  important  when  one  wants  to  analyze  fringe  pattern  in  which  the  spatial  frequencies  of  the  fringe  become 
comparable  to  that  of  the  applied  carrier.  In  fact,  in  these  case,  filtering  in  frequency  space  results  in  loss  of  useful 
information  and  care  must  be  taken  in  order  to  properly  select  the  size  of  the  filter.  Consequently,  in  the  case  of  a  single 
interferogram  analysis  the  optical  set-up  is  simplified  and  one  can  make  use  of  a  lower  resolution  CCD  camera  for  Singe 
pattern  recording.  The  amount  of  data  is  reduced,  resulting  in  a  faster  fringe  pattern  processing,  which  enable  one  to  use  this 
method  as  a  usefol  analysis  tool  for  industrial  applications. 

5.  CONCLUSION 

We  have  described  an  automated  combined  fiinge  analysis  method  for  phase  retrieval  of  moird  interferometric  fiinge 
patterns  based  on  preliminary  enhancement  of  fringes  by  the  modification  of  local  intensity  histogram  followed  by  2-D 
FTM.  Application  of  2-D  FTM  to  the  fringes  of  a  good  quality  gave  the  possibility  to  recover  the  foil  phase  of  fringe  by  sign 
correction  of  phase  calculated  from  a  single  moird  interferogram.  Moird  interferometric  measurements  with  submicron 
sensitivity  of  the  in-plane  displacement  fields  of  thick  carbon  fibre/PEEK  composite  laminates  are  analyzed  as  example  of 
application  of  this  technique.  For  a  grating  of  1200  lines/mm,  the  sensitivity  of  the  technique  is  1/2/^  =  0,417  pm  per 
fringe  order.  The  ultimate  resolution  of  the  technique  is  limited  by  the  spatial  pixel  resolution  of  the  CCD  camera. 
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ABSTRACT 

The  approach  is  suggested,  which  permits  more  fiill  description  of  correlation  responses  of  thin  holograms  with 
superposed  registration  on  the  basis  of  account  of  contributions  from  all  the  nonlinear  with  respect  to  the  recorded  object 
fields  inter-  and  cross-modulation  diffraction  structures.  Based  on  this  approach,  from  the  common  point  of  view  the 
associative  reconstruction  of  information  by  the  thin  quadratic  off-axis  hologram  and  the  linear  off-axis  hologram  -  phase- 
conjugate  mirror  system  was  considered. 

Keywords',  associative  memory,  nonlinear  holograms,  thin  superposed  holograms,  phase  conjugation 

1.  INTRODUCTION 

A  number  of  ways’ of  holographic  realization  of  associative  memory  (AM),  being  understood  as  reconstruction  of 
complete  information  (image)  by  its  incomplete  or  distorted  version,  demonstrate  the  fundamental  role  of  nonlinearity  of 
either  the  hologram  itself  '’  or  the  reading  algorithm’’®. 

It  was  shown  in  our  works’  that  the  diffraction  structures  of  higher  than  the  2nd  power  on  field  also  contribute  into 
associative  reconstruction  by  quadratic  hologram,  and  the  role  of  nonlinearity  is  constructive  not  only  at  registration  stage. 
So,  for  the  case  of  one  registered  image  the  account  of  contributions  from  all  the  nonlinear  diffraction  structures  (up  to  the 
4tli  power  on  field)  resulted  in  more  full  description  of  correlation  response  of  a  thin  quadratic  off-axis  hologram  ,  and 
generalization  of  nonlinearity  upon  the  structures  of  fields,  used  for  hologram  writing  and  reading,  gave  the  possibility  to 
suggest  associative  retrieval  by  the  hologram,  recorded  with  mutually  conjugate  object  waves*,  and  by  the  "nonlinear 
matched  reading"  in  the  linear  off-axis  hologram  -  phase-conjugate  (PC)  mirror  system®  '®.  The  above  two  aspects  should 
be  especially  important  for  the  case  of  superposed  recording"  '^,  when  the  situations  are  possible  of  correlation  of  reading 
field  with  several  registered  fields,  correlating  with  each  other  at  the  same  time'^. 

In  this  work  for  the  case  of  superposed  registration  at  arbitrary  (in  particular,  large)  extents  of  spatial  correlation  of 
recorded  and  reading  fields  the  theoretical  analysis  of  information  contents  of  responses  of  the  quadratically  registered  thin 
off-axis  hologram'^  and  the  system,  composed  of  the  linear  thin  hologram  and  the  PC  mirror,  is  carried  out  under  the 
supposition  of  essential  role  of  nonlinear  inter-  and  cross-modulation  diffraction  structures.  The  problem  is  solved  for  the 
case  of  lensless  Fourier  holograms  by  means  of  the  method’  ’®  '^,  based  on  the  description  of  scattering  object  by  a  finite 
ensemble  of  coherent  quasi-point  secondary  sources  and  decomposition  of  hologram  transmission  into  the  power  series  on 
exposition”’’ It  consists  in  the  derivation  of  information  components  of  diffracted  field  from  noise  by  means  of 
separating  the  constant  in  the  hologram  plane  components  from  the  variable  ones  in  non-averaged  correlation  functions 
(CFs),  modulating  the  original  non-distorted  waves  within  the  responses. 


2.  QUADRATICALLY  REGISTERED  OFF-AXIS  HOLOGRAM 

Let  with  the  help  of  fields  of  m  off-axis  reference  point  sources  sequentially  in  time  and  in  the  general  case  at 

different  wavelengths  fields  of  m  coherently  illuminated  diffusely  scattering  objects  are  quadratically 

registered  (Fig.  1): 


298 


Laser  Optics  2000:  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
Leonid  N.  Soms,  Vladimir  E.  Sherstobitov,  Editors,  Proceedings  of  SPIE  Vol.  4353  (2001) 

©2001  SPIE  ■  0277-786X/01/$15.00 


reference  and  object  registration 

sources  plane 

Fig.  1  The  principal  scheme  of  registration  of  a  quadratic 
(or  a  linear)  hologram 


where  5  -  exposition  number  and 

(r )}  -  discrete  set  of  coherent  sources 

(repeaters)  of  the  object  8-field,  with  all  object  5- 
repeaters  lie  in  the  same  plane  with  the  reference  5- 
source.  In  the  registration  plane  each  repeater 
(including  the  reference  source)  is  characterized  by 

the  complex  amplitude  af'^  (P(fh>  which  is 

determined  by  the  constant  real  amplitude 

(Ip^'^^i)  and  initial  phase  as  well  as  the 

variable  phase  -  (rj ,  in  which 

\k^^^if^  =  27rl is  wave  vector  and  p|Q^(r)  is 

the  radius  vector  of  the  repeater  relative  to  a 
running  point  at  the  registration  plane. 


The  transmission  operator  of  the  quadratically  registered  superposed  hologram  is  described  by  the  expression: 

=T,  +f  +5  =xf-r„  +  (/(">)'] +J  £  = 

s=l  S=\  v=l  ^=1  ■*=> 


xir’k 

S=\  S=\  v=l,v>S  d=-2[s=t  S=l  v=\.v>S  J 


where  +  is  intensity  distribution  of  total  5-field,  G^'^'’^  are 

combination  operators,  <5*“*^*  are  m  square  operators  (each  of  them  is  equivalent  to  the  transmission  operator  of  the 
quadratic  hologram  with  one  recorded  5-image).  DiSfaction  into  each  of  five  (from  -2nd  to  +2nd)  orders  of  the  hologram 
is  described  by  square  g[^^  (d  is  the  diffraction  order  number)  and  combination  g^f''^  partial  operators,  with  coefficients 
....  pWfi.'')  and  operators  G*'*''’  =  and  are  symmetric  relative  to  interchange  of  indices. 

Let  the  hologram  is  read  by  any  field  (reading,  or  x-field),  defined  over  a  discrete  set  ^x}  =  |p^.  (r)|  of  N  repeaters 

G{F)  =  =  Zl«.|exp  . 

1=1  I  L 

If  the  common  fragments  of  x-  and  5-fields  exist; 


{^,x}  =  {j}nW^0, 


than  at  the  constant  in  hologram  plane  component  of  CF  of  x-  and  8-fields  is  defined  over  them,  which  is 

equal  to  the  sum  of  products  of  complex  amplitudes  of  fields  of  coinciding  repeaters  (as  a  consequence  of  compensation  of 
their  spatially-dependent  phases),  and  the  residuary  part  G^^^’G  of  CF,  which  is  calculated  over  {x}  U{^}  as  the  sum  of 


products  of  amplitudes  of  non-coinciding  repeaters,  is  the  variable  one: 
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J  s'* i  J:^>s, W'’>*G= 


,  Z  a-  «  +Z  Z  - 
I  j  '  ^  i  ■'  i  jj^i  ■' 


1^, 


exp  I 


f 


Vj-fPi 
\'  '  J 


H  w 

+  z  z 


j 


&Mi\(Pj-(p. 


1^1 


-i[^j 


(2) 


(as  well  as  to  symbolize  summation  over  coinciding  or  non-coinciding  repeaters  denotations  in  the  form  of  double 

or  ordinary  brackets  respectively  are  used,  which  are  convenient  for  compact  formalization).  When  the 

quantities  ^  const  and  (2)  play  the  roles  of  low-  and  high-frequency  variable  components  of  CF  respectively. 

Similarly,  at  the  constant  over  hologram  plane  component  of  CF  of  original  object  8-  and  v-fields  is  defined 

over  their  common  fragments  {S,v}  =  {S}r\{v} 


r 


G^‘’’G^'''=  Z 


jg) 


a. 

I 


I*  (■/)  ivS)- 

a.  '  ' 


(3) 


It's  necessary  to  note,  that  at  and  {S,\j^0  the  constant  components  of  CFs  of  the  type  and 

respectively  may  be  equal  to  zero  (as  zero  sums  of  non-zero  complex  terms),  but  at  =  0  and  {<5,  v}  =  0  they  are 
equal  to  zero  identically  because  of  the  absence  of  their  definition  domains. 

The  complete  response  of  the  -2nd  diffraction  order  of  the  hologram  is  of  the  type: 


v=\^v>S 


,  (4) 


where  G^^^’GG^''^'  and  are  noises  (compensation  of  spatially-dependent  phases  is  obviously  excluded  in 

them)  of  the  third  power  on  amplitude,  -  are  “distorting”  fragmentary  fields,  which  take  into  account 

deviation  of  actually  reconstructed  object  fields  from  the  original  ones  over  their  common  with  x-field  fragments 
{x,S,  v}  and  {x,  J}  respectively; 


U.S.V] 


^(*'')*  =  g(")'gg(‘')‘=  Y  4 


(5). 


(5) 


A  square  -2nd  8-order  performs  autoassociative  memory  (at  ^  0  ,  ^0),  and  a  combination  -2nd 

(5v)-order  performs  either  heteroassociative  (if  only  one  of  the  pair  of  quantities  y^^^ ,  y^''^  is  constant  and  non-equal  to 
zero)  or  “cross” -heteroassociative  memory  (at  {x,v}^0,  y^''^  *0),  which 

consists  in  simultaneous  reconstruction  of  two  complete  object  fields  by  fragments  of  each  other  and  which 

is  formally  a  consequence  of  the  symmetry  of  operators  relative  to  the  interchange  of  indices. 

There  are  several  peculiar  properties  of  the  response  (4)  of  the  -2nd  diffraction  order  At  fist,  the  absence  of  transmitted 
without  scattering  x-field,  which  distort  diffractively  reconstructed  original  object  fields,  is  an  essential  advantage  of  the  - 
2nd  order  relative  to  the  0th  one  from  the  viewpoint  of  AM  realization,  and  may  be  also  considered  as  tolerance  of  this 
response  for  non-correlated  disturbances.  At  second,  it  is  in  principle  possible  to  by-pair  increase/decrease  (by  choosing  the 
x-field)  in  parallel  the  common  fragments  of  original  object  fields.  And,  at  third,  there  is  the  possibility  of  reconstruction 
of  complete  object  images  by  orthogonal  to  them  at  the  same  wavelength  or  possessing  another  wavelengths  reading  fields. 
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Indeed,  as  it  is  seen  from  (4),  necessary  and  sufficient  condition  for  reconstruction  of  any  complete  object  5-wave  and  the 
whole  set  of  registered  waves  along  with  it,  independently  of  levels  of  their  correlation  with  x-field  and  with  each  other,  is 

=  const  0  for  any  one  v  (at  1^|  =|  I ,  {v,x}*0),  therefore  reconstruction  of  any  complete  8-field  is  possible  by 
an  orthogonal  to  it  at  the  same  wavelength  =0  at  ^*0  or  s  o  at{x,^}  =  0 )  or  possessing  another 
wavelength  ( y^^'^  ^  const )  x-field. 

It  is  possible  to  show'^,  that  in  the  general  case  the  -1st  and  the  0th  diffraction  orders  of  the  hologram  are  formed  as  sums 
of  all  kinds  of  inter-  and  cross-modulation  contributions.  Both  in  the  total  response  of  the  -1st  order  (without  noise): 


{g^g}  _  +27^^)|  r'*) 


(®)5r(^) 


+  y  ] +  7  7 


+  2  X 


'  J  v=\,v>S 


■,  (6) 


which  incorporated  contributions  from  cubic  diffraction  structures  of  the  type  and  to 

the  reconstruction  of  the  reference  5-wave 


+ g^J^g^'^gJ^  -  G*‘'>’yi<‘'*>  -  -  ^^g). 


and  in  the  total  response  of  the  0th  order  (without  noise  and  "distorting"  common  fragments): 


{G^Gj^sGlro+XlT;' 


n(^) 


<y=l 

m  m 
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rHfm’ +/■’>] 


Pi 
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,(») 


Vo'  +f'~'  +y'-’7 


,W| 


)j  +  2 

v^l,v>S 


Pl'l  +y^-'  +y'-'7 


fr)!  4.  I  -I. 


+ 


(7) 


(8) 


which  took  into  account  contributions  from  all  components  of  operators  (including  those  ones  proportional  to  the 
second  and  the  forth  powers  on  amplitudes),  the  nonlinear  on  constant  components  of  CFs  inter-  and  cross¬ 
modulation  y^^''^y^''^  terms  (in  addition  to  terms  proportional  to  y^"^  )  as  well  as  terms  in  (8)  are 

present,  which  are  defined  by  the  identities: 


(9a) 


yiHyi'') 


(9b) 


(9c) 
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This  identities  are  based  on  the  fact,  that  constant  components  of  CFs  (2),  (3)  of  fields,  as  well  as  fields  themselves,  are 
defined  on  discrete  sets,  so  for  their  products  identical  splitting  is  also  applicable  into  two  groups  of  terms,  in  one  of  which 
summation  is  performed  over  coinciding,  and  in  another  one  -  over  non-coinciding  elements.  At  the  same  time,  in  contrast 
to  (2),  (3),  there  is  no  the  aim  to  distinguish  constant  and  variable  components  in  (9),  and  all  participating  in  (9) 

components  of  CFs  are  supposed  to  be  already  constant,  with  ^nd 

are  defined  upon  the  unions  and  {^,v}U{x,v}  respectively,  and  and 

upon  the  intersections  {^,x}  and  {x,S,v} .  All  the  constant  components  of  CFs  in  (9c)  at  or  v=S  are  defined 

over  {J,  v}  or  {<?}  respectively. 


The  fact,  that  the  nonlinear  inter-  and  cross-modulation  terms  and  (9)  in  the  general  case  differ  from 

simple  products  of  corresponding  cofactors  (constant  components  of  CFs),  leads  to  the  possibility  of  situations,  when  they 
are  not  equal  to  zero  even  if  one  or  both  of  their  cofactors  are  equal  (but  not  identically)  to  zero  (details  see  in'^ ).  (Indeed, 

let  ^0  and  consequently  ^0,  y^y^^^ ^0,  so  if  y^^^  =0,  than  may  be  Further, 

let  [x,v}^0,  {S,v]^0  and  consequently  y^^^  ^0,  ^0.  If  at  the  same  time  {x,S}^0  and 

besides  {x,S,  v}*0  ,  than  ^0,  and  possibly  y^y^''^  vtO  even  if  y  =  0  or  =  0  or  y^^^  =y^‘'^  =  0 .  At 


the  same  time,  if  {x,S}  =  0,  than  {x,5,  v]  =  0  and  =  0, 


so 


^(Sv)y(v)  ^^(Sv)y(v) 


and  we  have  =0  as 


soon  as  y^''^  =  0  or  y^^"^  =  0  or  y^^'^  =  =  0  •) 


As  a  consequence  of  structure  of  the  responses  (6),  (8),  owing  to  nonlinear  inter-  or  cross-modulations  any  reference  or 
object  5-wave  can  be  reconstructed  under  the  prohibited  for  the  linear  hologram  conditions  of  orthogonality  of  x-  and  5- 
fields  both  at  the  existence  of  their  common  fragment  (y^^^  =0,  {x,S}  ^0)  and  at  the  absence  of  it  ({x,<?}  =  0, 

y^^^  s  0).  In  the  first  case,  in  addition  to  intermodulation  reconstruction  of  5-waves,  cross-modulation  reconstruction  may 
take  place  at  {x,^,  y}^0,  even  if  y  (*')  =  o  or  y =  0  or  y**'*  =  y =  0 .  In  the  second  case,  when  {x,(5,  v}  =  0,  only 
cross-modulation  reconstructions  are  possible,  but  only  if  y^''^  0 ,  ^0 . 


Similarly,  for  any  pair  of  object  5-  and  v  -waves  orthogonality  of  them  in  the  sense  {^,  v]^0  ,  =  0 ,  allows  for  the 

possibility  of  mutual  cross-modulation  reconstruction  of  corresponding  reference  and  object  waves,  and  on  the  contrary, 
orthogonality  in  the  sense  {S,  v}  =  0 ,  y'‘^‘'*  =  0  excludes  it. 

It  is  seen  from  the  comparison  of  the  responses  of  quadratic  (8),  (6)  and  linear  ((8),  (6)  at  =  0 )  holograms, 

that  due  to  nonlinear  mixing  of  spatial  frequencies  of  object  fields,  quadraticity  of  registration  essentially  extends  the 
reconstruction  conditions  of  original  waves  within  the  responses  of  the  0th  and  the  -1st  diffraction  orders,  with  relations 

between  spatial  spectra  of  fields  are  in  the  foreground.  So,  at  “linear”  reconstruction  conditions  {x,S}^0, 

y  of  original  5-waves  owing  to  nonlinear  intermodulations  extend  up  to  the  conditions  {x,<J}  *  0  ,  which  allow 

=  0,  but  exclude  y  =  0 ,  and  owing  to  nonlinear  cross-modulations  -  up  to  the  conditions  {x,yj  ^0  (in  which  v 

is  any  one  of  the  recorded  object  waves  with  {v,^}  ^  0  and  which  allow  both  y*^^  =0  and  y^  ^  =  0 

{{x,5]  =  0). 

So,  for  object  fields  of  the  same  wavelength  in  the  0th  and  the  -1st  diffraction  orders  of  quadratic  superposed  thin 
hologram  we  have  some  kind  of  “integration”  of  their  spatial  spectra  (if  {x,y}^0  for  several  v-waves,  than 
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simultaneously  with  this  v-waves  those  5-waves  may  be  also  reconstructed,  for  which  [v,S}^0  independently  of 
{x,S}^0  or  {x,S}=0)  and  “orthogonality  breaking”  (non-zero  inter-  and  cross-modulation  contributions  from 
orthogonal  fields  with  common  fragments). 

3.  LINEAR  OFF-AXIS  HOLOGRAM  -  PHASE-CONJUGATE  MIRROR  SYSTEM 


OAving  to  the  unique  ability  of  PC  mirror 
to  invert  and  therefore  to  retain,  within  a 
sign,  the  phase  of  incident  radiation,  in 
the  case  of  thin  holograms  single 
scattering  of  field  upon  a  quadratic 
hologram  is  in  a  certain  sense  equivalent 
to  double  scattering  upon  a  linear 
hologram  near  a  PC  mirror.  On  the 
grounds  of  this  analogy,  it  is  possible  to 
suppose,  that  one  more  way  of  nonlinear 
mixing  and  associative  reconstruction  of 
fields  is  “nonlinear  matched  reading”®  '® 
in  the  linear  hologram  -  PC  mirror 
system,  which  consists  in  the  diffraction 
by  linear  hologram  of  nonlinear  (with 
respect  to  original  fields)  reversed 
components  of  previously  scattered  by  it  field,  during  which  noise  field  components  may  be  transformed  to  information 
components. 


\ 

\ 

\ 

\ 

\ 


PC-mirror 


Fig.  2  The  principal  scheme  of  associative  reconstruction  in  thin  linear 
off-axis  hologram  -  PC-mirror  system 


The  three  orders  of  field,  diffracted  by  the  transmission  operator  of  linear  off-axis  hologram  (described  by  (1)  at 
T{sv)  =0): 


G  =  'Z\  + 


<J=I 


m 


To+n 


+  |g  = 

x_i  '  ^  ^  x_i  ^ 


after  phase  conjugation  retain  correspondence  to  the  hologram  scattering  operator.  At  the  repeated  diffraction  they  may 
lead  to  reconstruction  of  whole  object  fields  in  the  0th  and  the  +2nd  orders  of  the  system,  being  formed  as  the  result  of 
superposition  of  the  following  scattering  channels'®  (Fig.  2); 


=(go/iolo  +i-i/i-ig-i)G  =  )g  ,  (11a) 


[g^^^G^g]  -g+,/>_,g_,G  =  J  J  gW;)_,|ifG.  (11b) 

'  v=l  5=1 

The  action  of  mirror  is  described  here  with  three-component  operator  ^  =  {/ig ,  ,  /i_, } ,  elements  of  which  with  complex 
efficiencies  perform  inversion  and  complex  conjugation  of  amplitudes  of  waves  in  the  corresponding 
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diffraction  orders.  At  the  response  is  in  the  general  case  the  original  reference  wave  with  square  noise 

(halo)  (10); 

gifG  =  7/")g<"{G(")’G)  =  7/ +  G^g)  .  (12) 

Supposing  spatial  and  angle  nonuniformity  of  PC  reflectance  for  the  field,  diffracted  into  the  -1st  order,  let  s  later  on 
represent  the  operator  by  a  2ni-component  vector  /)_,  =  letters  p  or  h  in  which 

denote  peak  or  halo  respectively,  with  //if'’*  ^  //if'’’*,  //if'’  ?==  //if*  in  the  general  case. 

The  scattering  channel,  which  is  traditional  for  AM  realization  in  such  a  system^  ®,  is  formed  as  superposition  of  eveiy 
possible  partial  responses  of  the  type  gif //if  gif  G  in  the  0th  diffraction  order.  After  the  reflection  on  PC-rairror  and 
diffraction  on  the  lattices  of  operator  gif  into  the  0th  order  of  the  system,  the  reconstructed  reference  5-wave  reads  out 
the  complete  conjugate  v  -field: 

gif  Mf  =  (//ifr^r^  )(/><•')//(’')*  )(y‘")'G(’')'),  (i3) 

and  the  halo  (which  as  the  result  of  phase  conjugation  contains  now  a  non-conjugate  amplitude  of  5  -field)  may  be 
partially  compensated  by  G*”'*  -cofactor  of  the  operator  to  the  conjugate  x-field; 

So,  the  full  field  of  the  partial  channel  gif //_,gif  and  the  information  structure  (i.  e.  without  noises  and  distorting 
common  fragments)  of  the  total  reconstructed  by  the  channel  g_,//g_,  response  are  described  by  the  expressions: 


if  jiifgif  G 


/*-!  / 


(^(‘■■’’g*  +G^G^*)), 


g-Aii-fi  = 


+  AifV 


(It  is  necessary  to  remember,  that  all  the  information  components  of  reconstructed  fields  exist  only  if  the  correspponding 
constant  components  of  CFs  exist,  i.  e.  if  there  are  common  subsets  of  object  sets  of  repeaters  with  equal  wavelength.)  It  is 
taken  into  account  in  (15),  (16),  that  under  the  supposition  of  independence  of  PC-reflectance  for  the  peak  and  the  halo, 
the  object  and  the  reading  fields  may  in  principle  be  reconstructed  independently.  It  follows  from  (16),  that  1)  because  of 
reconstruction  of  reading  field  (together  with  cubic  noises)  the  role  of  the  mechanism  of  rescattering  of  square  noise  in  this 
channel  is  negative  in  the  general  case;  2)  from  the  other  side,  owing  to  spatial  superposition  of  object  and  reading  fields 

the  structure  of  the  response  is  favorable  for  parallel  increase/decrease  of  their  common  fragments;  3)  if  ^  =  0  for  any 
pair  of  object  fields  (or  for  each  pair,  if  the  system  of  mutually  orthogonal  functions  is  recorded),  than  there  is  no 
reconstruction  of  x-fields  at  the  corresponding  spatial  frequencies;  4)  if  the  field,  which  was  initially  diffracted  into  the  -1st 

order  of  hologram,  is  nothing  but  noise  in  the  sense  that  no  one  of  original  reference  waves  is  reconstructed  (y*"^*  =0  or 
=0  at  1^1=1^^'^*!,  or  f  ^ const  at  than  at  the  repeated  scattering  the  original  object  fields  are  not 

reconstructed. 
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In  contrast  to  the  0th  order,  at  the  diffraction  into  the  +2nd  order  of  the  system  the  halo  reconstructs  not  the  reading  field, 
but  the  complete  object  field  (here,  x-cofactor  of  the  halo  is  phase  matched  to  object  cofactor  of  the  partial  operator  of  v  - 

hologram): 

-g^g*gW)+g('')g*g'^)  =  (/ilf 

and  this  fact  essentially  differs  the  channel  (17)  from  the  channel  g_,A-i#-i  (f5)>  (l^)-  Taking  i“fo  account, 

that  into  the  +2nd  order,  as  well  as  into  the  0th  one,  the  reconstructed  conjugate  reference  S  -wave  reads  out  the  complete 
object  V  -field,  we  get  the  expressions  for  the  whole  response  of  this  partial  channel: 

G  r‘^>‘GW  +/rlf  (y('')-G‘")  +G^^<"’))  ,  (18) 

and  the  information  structure  of  the  total  response  of  the  system  in  the  +2nd  diffraction  order: 

It  is  seen,  that  the  response  (19)  is  similar  to  the  response  (4)  of  the  -2nd  order  of  the  quadratic  hologram,  which  results  in 
their  common  informative  properties  (absence  of  superposition  with  x-fields;  auto-,  hetero-  or  “cross”  heteroassociative 
memory;  spatial  superposition  of  object  fields  and  therefore  possibility  of  parallel  highlighting  of  their  common  fragments, 
possibility  of  reconstruction  at  an  orthogonal  or  at  another  wavelength  x-field). 

To  consider  the  channel  let’s  note,  that  the  field  ,  which  was  initially  diffracted  by  the 

hologram  into  the  +lst  5 -order,  may  be  interpreted  as  noise.  At  {S,v}^0,  {x,v}i^0  and  *0,  y*  '  5^0 
amplitude  and  phase  distribution  of  such  a  square  noise  field  may  be  partially  compensated  after  phase  conjugation  and 
diffraction  upon  g^"^'  -lattices  up  to  conjugate  x-  and  5  -fields  simultaneously: 

+  (G^gWg-  -G^gMS-  +G^g;;^G'))  .  (/<.,  ''’■g'‘>'  tr'^’G-  -.!<'">■  +GWG_WG-j. 

It  is  accounted  here,  that  in  contrary  to  (15),  independent  reconstruction  of  object  and  x-field  is  impossible  here.  It  is  seen, 
that  the  structures  of  the  responses  gIl’ii.igIfG  (20)  and  (15)  qualitatively  coincide  within  the  exchange 

of  indices.  The  resulting  field  possesses  the  following  structure: 

[^=1  '  ^  '  '  ^=1  v-\,v*S  ' 


An  important  feature  of  the  channel  goAogo  is  the  dependence  of  amplitudes  of  reconstructed  object  and  reading  waves 
on  the  nonlinear  inter-  and  cross-modulation  terms  (9).  This  fact  substantially  differs  this  channel  from  the  “linear  ones 
g  ,/)  ,g  ,  (16)  and  g+,/i+,g,^,  (21)  and  is  based  on  the  account  of  constructive  contributions  from  all  the  nonlinear 

components  of  the  response.  So,  separating  in  the  operator  g^^’  average  transmission  from  the  diffraction  intermodulation 
structure: 
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(22) 


and  the  transmitted  x-wave  from  the  diffrated  wave  in  the  field,  scattered  by  this  operator: 

g'f'^G  =  7’J''''G  +  7’/'^>G*^*G*^'*G  =  T^^^'G  +  +  C^G^g)  ,  (23) 

it  is  possible  to  show,  that  after  phase  conjugation  of  scattered  field  with  one  and  the  same  for  all  its  spatial  components 
efficiency  //p  and  diffraction  on  g[''^  -lattices,  the  following  field  will  be  reconstructed  in  the  partial  0th  order  of  the 
system: 


+ 


+ 


(24) 


The  results  of  diffraction  on  the  intermodulation  structure  of  v  -hologram  of  all  the  components  of  the  response  are 

accounted  in  (24),  particularly,  of  the  conjugate  transmitted  x-  and  reconstructed  d  -fields: 


as  well  as  of  the  conjugate  "distorting"  fragment  and  cubic  noise  G*‘'^G*^*'G  : 


(25) 


(26) 


(27) 


+  G^g[^g(‘')*g|^G*  +  ;'(^‘')g‘G^‘‘'>*  +  j.(‘*'')‘G<'>‘G<''>G<^)'  +  j;<")‘G_^G^<'')"  -  -  (28) 

where  is  a  common  distorting  fragment  with  modulation  of  fourth  power  on  amplitude,  and  all  the  terms  in 

square  parenthesis  are  noises  of  third  and  fifth  powers. 

So,  the  information  structure  of  field,  formed  by  this  channel,  is  of  the  type: 


goksoG  ~  M'n 


(29) 


It  brings  into  the  0th  diffraction  order  of  the  system  the  nonlinearity,  characteristic  of  the  0th  order  of  the  quadratic 
hologram  (8).  Thus,  such  a  realization  of  PC  reflection,  in  which  the  channel  goMogo  is  excluded  (//„  =0),  may 
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essentially  simplify  the  structure  of  the  total  response  of  the  0th  order  of  the  system  and  decrease  noises  in  it,  keeping  at 
the  same  time  important  features  of  the  quadratic  hologram  (particularly,  the  existence  of  the  second  order  with  inherent  to 
it  information  properties).  In  contrary,  the  regime  of  phase  conjugation,  during  which  this  chaimel  is  increased  relative  to 
the  other  channels,  permits  to  increase  the  nonlinear  and  inherent  information  properties  of  the  0th  order,  such  as 
integration  of  spatial  spectra  of  registered  object  fields  and  breaking  of  their  orthogonality  with  each  other  and  with  the 
reading  field. 

It’s  necessary  to  note,  that  the  presence  of  additional,  apart  from  the  traditionally  used,  chaimels  of  information 
reconstruction  in  such  a  system,  particularly,  the  charmels  g+iii_ig_i  in  the  +2nd  diffraction  order  and  g+i/i+ii+i  in  the 
0th  one,  may  give  in  principle  several  new  possibilities  of  controlling  the  structure  of  yielding  field. 

4.  CONCLUSIONS 

So,  the  nonlinear  (qudratic)  registration  of  thin  superposed  holograms  is  an  effective  way  of  reconstruction  of  complete 
original  fields  as  well  as  of  detection  of  elements  of  their  spatial  spectra  within  the  reading  field.  Due  to  the  nonlinear 
mixing  the  dependencies  of  efficiencies  of  reconstruction  of  recorded  fields  upon  the  levels  of  their  correlation  with  each 
other  and  with  the  reading  field  in  the  general  case  differ  Ifrom  a  proportional  dependence.  Owing  to  this,  the  essential 
extention  of  possibilities  of  associative  information  reconstruction  by  the  quadratic  hologram  relative  to  the  linear  one 
takes  place. 

“Nonlinear  reading”  in  thin  linear  off-axis  hologram  -  PC  mirror  system  is  one  more  effective  way  of  realization  of 
nonlinear  mixing  and  associative  reconstruction  of  fields.  In  essence,  such  a  system  may  be  considered  as  a  quadratic 
hologram,  the  spatial  structure  of  the  response  of  which,  given  the  possibilities  of  PC  mirror  reflectance  control,  can  be 
modified  by  means  of  phase  conjugation. 
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ABSTRACT 

We  report  semi-classiczd  numeric  simulations  of  the  quantum  spatial  fluctuations  in  parametric  ampliflcation  of 
images  limited  by  the  shot  noise.  Noiseless  ampliflcation  of  images  is  demonstrated  by  the  use  of  a  degenerate  type 
2  phase  sensitive  amplifler. 

Ke3rwords:  parametric  amplification,  noiseless  amplification,  image  amplification,  quantum  fluctuations,  phase 
sensitive  amplifier 


1.  INTRODUCTION 

Phase  sensitive  parametric  amplification  has  been  experimentally  investigated^  in  the  temporal  domain  in  order  to 
perform  noiseless  amplification  or  noise  reduction  of  signals.^’®  In  the  spatial  domain,  parametric  amplification  of 
images  has  been  experimentally  performed  with  phase  insensitive^’®  or  phase  sensitive®  cunplifiers.  In  a  recent  work,^ 
images  have  been  amplified  with  a  type  2  phase  sensitive  parametric  amplifier  and  noiseless  amplification  has  been 
performed,  but  the  considered  noise  fluctuations  were  the  temporal  fluctuations  on  pixels  of  the  image.  To  the  best 
of  our  knowledge,  specific  purely  spatial  properties  of  phase  sensitive  p2irametric  image  amplification,  i.e.  with  the 
considered  noise  being  purely  spatial  fluctuation  in  the  transverse  image  plane,®  have  not  yet  been  experimentally 
evidenced.  These  properties,  that  include  noiseless  image  amplification  and  image  entanglement  have  recently  been 
theoretically  described.®’^®  In  previous  papers  we  have  theoretically®  amd  experimentally^^  shown  that  phase  sensi¬ 
tive  parametric  amplification  of  images  leads,  in  the  spatial  domain,  to  amplification  and  deamplification  depending 
on  both  the  relative  phase  of  the  input  image  with  respect  to  the  pump  plane  wave  and  on  its  spatial  fi-equency 
distribution.  Here,  we  report  numeric  simulations  showing  the  noiseless  ^unplification,  in  a  degenerate  type  2  phase 
sensitive  parametric  interaction,  of  images  where  the  spatial  fluctuations  Jire  limitted  by  the  shot  noise. 


2.  THEORETICAL  BACKGROUND 


Figure  1.  Parametric  amplification  :  a  weak  signal  pulse  is  amplified  in  a  quadratic  material  by  a  strong  pump 
pulse. 

Parametric  amplification  is  a  three-wave-mbdng  interaction  where  a  weak  signal  pulse  is  amplified  by  a  strong 
pump  pulse  in  a  quadratic  material  when  the  phase  matching  condition  is  verified.^^  Usually,  only  the  signal  and 
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the  pump  beams  are  present  at  the  input  of  the  crystal.  Hence,  according  to  the  laws  of  energy  conservation,  a  third 
wave  (the  "idler”)  is  generated  cdong  the  amplification  process  (figure  1). 

In  the  undepleted  pump  approximation,  the  variation  of  the  complex  amplitude  of  the  signal  and  idler  fields  are 
given  by  ; 


dAa/dz  =  —iKApA*i  (z)  exp 

cLAi  jdz  =  -inApA*  (z)  exp“‘^‘* ,  (1) 

where  k  is  the  coupling  parameter,  Afc  =  |fcp  -  is  the  phase  mismatch  vector  and  Ap  the  amplitude  of 

the  pmnp  beam.  In  previous  works  we  have  shown  that,  at  the  degeneracy,  the  collinear  phase  matched  type  1  and 
type  2  interactions  are  non  critical  with  respect  to  the  signal  and  the  idler  directions  of  propagation.^’®  Hence, 
these  waves  can  be  amplified  over  a  wide  angular  range  by  a  pump  plane  wave  aroimd  the  perfect  phase  matching 
direction.  If  we  consider  now  an  image  as  the  superposition  of  plcine  waves  where  each  wave  is  associated  to  a  spatial 
frequency,  such  property  allows  the  amplification  of  images  with  the  best  resolution.  For  example  we  obtained  the 
amplification  of  an  image  in  a  7  x  7mm^  square  section  and  2  cm  long  type  2  KTP  crystal  (figure  2).  The  signal 
wavelength  was  A,  =  1064  nm.  The  gain  was  about  40  dB  over  an  angular  range  of  20  mrad,  that  gives  a  resolution 
of  90  fim  in  the  crystal.  By  taking  in  account  the  section  of  the  crystal  it  corresponds  to  an  amplified  image  with 
80  X  80  resolution  cells.  We  have  shown  that  this  number  of  resolution  cells  corresponds  to  the  number  of  spatial 
modes  that  can  be  amplified  at  the  signal  wavelength.® 


:  'si  ^ 


Figure  2.  Amplified  image  in  a  7  x  7  x  20  mm®  KTP  crystal.  The  amplification  gain  is  40  dB,  the  90  fim  resolution 
in  the  crystal  gives  80  x  80  resolved  points  in  the  amplified  image. 

In  type  1  and  type  2  degenerate  interactions,  when  the  signal  and  the  idler  channels  are  both  excited,  the 
amplification  process  strongly  depends  on  the  input  relative  phase  of  the  interacting  waves.^^  Such  phase  sensitive 
amplifier  {PSA)  can  be  use  to  amplify  images  limited  by  the  shot  noise  without  adding  any  noise  while  classical 
amplifiers  (phase  insensitive  amplifiers  -  PI  A)  add  3  dB  of  noise.  Hence,  with  a  PSA  the  signal-to- noise  ratio  {SN  R) 
of  the  input  signal  can  be  conserved  .  When  an  image  is  limited  by  the  shot  noise,  the  spatial  fiuctuations  of  the 
intensity  in  the  transverse  plane  can  be  described  by  a  poissonian  noise.  Then,  if  there  is  a  mean  number  of  N 
photons  per  resolution  cell  in  the  input  image,  the  variance  of  the  fiuctuations  is  (AAT®)  =  N  and  the  signal-to-noise 
ratio  is  SNR  =  N.  The  amplifier  is  characterized  by  its  noise  figure  {NF)  wich  is  equal  to  : 


NF  = 


SNRin 

SNR^t' 


(2) 


where  SNRin  and  SNRout  are  respectively  the  SNR  of  the  input  and  of  the  ouput  images.  In  order  to  describe 
theoretically  these  quantum  spatial  fluctuations  in  the  parametric  amplification  process  it  is  necessary  to  introduce 
the  modal  operator  of  the  interacting  fields.  For  one  mode  which  is  perfectly  phase  matched,  the  solutions  of  the 
equations  1  are  : 
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(3) 


Oout  —  C’fifn 
bout  =  Cbi„  -  iSaf„, 

where  o  and  6  are  respectively  the  input/ouput  annihilation  operator  for  the  signal  and  idler  field  modes.  C  = 
cosh(K>lp£)  and  5  =  sinh(KApi:),  L  is  the  crystal  length.  With  a  PI  A,  when  there  is  no  input  in  the  idler  channel 
=  (bfj)i„)  —  0,  iV*”  =  (at  din)  =  Nin),  the  mean  number  of  photons,  the  variance  and  the  SNR  at  the  output 
in  the  signal  channel  are  : 


{Nout)piA  —  (a^tdont)  —  C  Nin  +  S  , 
{ANli)piA  =  (C^  +  C^S^)Nin  +  s'  +  C^S^ 

CNJfPI^  —  _ +S^)^ _ 

(C'^  +  C‘^S^)Nin  +  S4  +  (7252  ■ 


(4) 


When  the  number  of  photons  at  the  input  is  greater  than  one  {N^  »  1),  parametric  fluorescence  can  be  neglected 
and  SNRgl^  becomes  : 


SNR 


PIA 

out 


=  Ni, 


CP 

<72  +  52' 


E  the  input  signal  is  limited  by  the  shot  noise  {SNRin  =  Nin),  then  NFpja  is  : 


(5) 


52 

NFpia  =  1  +  ^. 


(6) 


For  high  gain,  NFpia  tends  to  2  and  PIA  adds  3dB  of  noise.  With  a  PSA,  the  output  parameters  are  : 


{Nout)psA  =  (C"  +  s^-  2CSsin2>p)Nin  +  S\ 
{AN^,,)psa  =  (<7'  +  5'  +  6C^S^  -  4CS{C^  +  5^)  sm2ip)Nin  +  2C^S\ 
.PSA  _  ((C72  +  52  -  2(75 sin  2<p)Nin  +  S^)^ 


SNR: 


out 


((74  +  54  +  6(7252  _  4C'5(C'2  +  52)  sin  2ip)Nin  +  2(7252  ’ 


(7) 


where  (p  is  the  input  relative  phase  between  the  signal  and  the  pump  waves.  When  the  number  of  photons  at  the 
input  is  greater  than  one,  SNRf^^^  becomes  : 


SNR 


PSA 

out 


((72  +  52  -  2(75sin2¥j)2 

-  Nin  ^^4  ^  ^  _  4C5((72  +  52)  sin  2tp) ' 


(8) 


With  an  input  signal  limited  by  the  shot  noise,  when  ip  =  — 7r/4,  NFpsa  =  1  whatever  the  amplification  gain. 
Then  the  amplifier  does  not  add  any  noise.  When  ip  =  +7r/4,  the  input  signal  is  strongly  deamplified  and  parametric 
fluorescence  can  be  no  more  neglected.  Then,  the  SNRf^t^  is  strongly  degraded  and  NFpsa  becomes  greater  than 
one. 
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Figure  3.  Poissonian  signal  :  Classical  field  +  random  field  corresponding  to  a  mean  amplitude  of  1/2  photon. 

3.  NUMERIC  SIMULATION 

In  order  to  simulate  the  quantum  spatial  fiuctuations  in  the  parametric  amplification  of  images,  we  have  performed 
semi-classical  numeric  calculations.  In  our  simulations  the  input  image  is  a  plane  wave  with  a  mean  intensity  constant 
in  the  tranverse  plane.  A  type  2  degenerate  amplification  occurs  in  a  2  cm  long  KTP  crystal  with  a  7  x  7  mm^  section. 
The  shot  noise  is  simulated  by  adding  to  a  classical  field,  a  random  field  (with  a  poissonian  distribution)  corresponding 
to  a  mean  amplitude  of  1/2  photon  per  pixel  in  the  input  image^®  (figure  3). 

With  a  PI  A,  the  signal  and  the  idler  channels  are  excited  respectively  by  a  poissonian  signal  and  1/2  photon  of 
noise  per  pixel  (figure  4).  With  a  PSA,  the  classical  field  is  projected  onto  the  two  input  channels  eind  1/2  photon 
of  noise  per  pixel  in  both  channels  is  added. 


1 

PSA  PIA 


Figure  4.  In  PIA  :  poissonian  signal  in  the  signal  channel  and  1/2  photon  of  noise/pixel  in  the  idler  channel.  In 
PSA  :  projection  of  the  classical  field  onto  the  two  channels  -1-1/2  photon  of  noise/pixel  in  both  channels. 

Figure  5  shows  the  results  of  the  numeric  simulation.  The  input  image  has  256  x  256  pixels,  a  mean  number  of 
50  photons/pixel  and  the  parametric  gain  is  nAp  =  0.1  mm~^.  With  a  PSA,  when  tp  =  — 7r/4,  the  gain  is  maximum 
{GpSA  /N/  17  dB)  but  the  noise  figure  is  smaller  than  one  {NFpsa  =  0.14)  and  it  does  not  agree  with  the  theory. 
The  explanation  is  that  the  collinear  phase  matching  acts  as  a  low  pass-filter  that  rejects  the  high  frequency  noise.^ 
This  is  clearly  shown  in  the  eunplified  image  where  spatial  inhomogeneities  are  bigger  than  ones  in  the  input  image. 
As  the  SNR  must  be  defined  in  the  bandwidth  of  the  amplifier,  the  number  of  independcuit  pixels  in  the  input  image 
must  be  smaller  than  the  number  of  resolution  cells  in  the  amplifier®  (about  80  x  80  resolution  cells). We  have  joined 
together  8x8  pixels  of  the  images  (binning  8x8)  and  then  NFpsa  tends  to  1  as  it  was  predicted  by  the  theory. 
With  a  PIA,  NFpiA  tends  to  2. 

Figures  6  give  different  curves  showing  the  variation  of  the  noise  figure  for  PIA  and  PSA  versus  different 
pcirameters.  Figrire  6a  presents  the  NF  versus  the  binning  of  the  pixels.  It  clearly  shows  that  when  the  number  of 
independant  pixels  in  the  images  is  smaller  than  the  number  of  resolution  cells,  NF  tends  to  1  for  PSA  and  to  2 
for  PIA.  Figure  6b  shows  the  variation  of  the  NF  with  respect  to  the  input  relative  phase.  The  NFpia  is  equal  to 
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Figure  5.  Result  of  the  numeric  simulation  for  PSA  :  in  the  ouput  image  spatial  inhomogeneities  are  bigger  than 
ones  in  the  input  image  because  the  collinear  phase  matching  acts  as  a  low-pass  filter  that  rejects  the  high  frequency 
noise. 
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Figure  6.  Variation  of  the  noise  figure  versus  the  binning  (a),  the  input  relative  phase  (b),  the  gain  (c)  and  the 
number  of  photons  per  pixel  at  the  input  for  a  PSA  (black  curves)  and  PIA  (gray  curves).  In  b,  numeric  simulation 
is  fitted  with  the  theoretical  curve  given  by  equation  7. 

3dR  and  does  not  depend  on  the  relative  phase.  The  NFpsa  is  about  OdB  when  ip  =  — 7r/4  and  strongly  increases 
when  p  =  +it/A.  The  numerical  simulation  is  fitted  with  the  curve  of  the  theoretical  NFpsa  given  by  the  equation 
7.  Figure  6c  shows  the  variation  of  the  NF  with  respect  to  the  amplification  gain.  When  =  — n-/4,  NFpsa  is 
constant  and  equal  to  one  and  NFpia  tends  to  2  when  the  amplification  gain  increases.  Figure  6d  shows  the  NF 
versus  the  number  of  photons  per  pixel  at  the  input.  It  shows  that  when  N  decreases,  NFpsa  is  greater  than  1 
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because  the  parametric  fluorescence  becomes  significant  and  degrades  the  output  SNRpsa- 
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Figure  7.  Input  and  output  fields  in  the  complex  plane. 

We  have  plotted  in  the  complex  plane  the  input  and  the  output  signal  fields  for  PI  A  and  PSA  (figme  7).  With 
the  PI  A,  output  signal  exhibits  excess  of  noise  due  to  the  amplifier  while  the  input  SNR  is  conserved  with  the  PSA 
when  (p  =  — 7r/4. 


4.  CONCLUSION 

In  conclusion,  we  have  performed  semi-clcissical  numeric  simulations  of  the  quantum  spatial  fluctuations  in  parametric 
amplification  of  images.  Noiseless  amplification  of  images  limited  by  the  shot  noise  was  demonstrated  when  a  phase 
sensitive  amplifier  is  used  while  a  classical  amplifier  adds  3  dB  of  noise. 
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ABSTRACT 

We  consider  the  influence  of  the  inertial  component  of  the  optica!  fibre  response  on  the  cnoidal  waves  propagation  dynamic 
and  analyse  the  dependence  of  the  self-bending  parameter  on  the  degree  of  the  temporal  localisation  of  the  wave  energy.  We 
have  shown  that  for  the  case  of  the  cn-wave  the  role  of  self-bending  effects  increases  (and  for  the  case  of  the  dn-wave 
decreases)  with  growth  of  degree  of  localisation. 

Keywords;  solitons,  optical  fibres,  Raman  self-frequency  shift,  cnoidal  waves. 

1.  DITRODUCTION 

The  cnoidal  waves  concept  is  very  attractive  from  the  theoretical  point  of  view  because  it  enables  one  to  analyse 
propagation  dynamics  of  both  single-  and  multicomponent  periodical  solutions  of  the  nonlinear  cubic  Shrodinger  equation 
(NLSE)  for  the  cases  of  different  temporal  localisation  of  the  wave  field  energy*.  Earlier  mathematically  analogous  problem 
was  treated  for  the  case  of  cnoidal  waves  in  photorefractive  crystals.  As  a  rule,  the  cnoidal  waves  show  structural  stability 
with  respect  to  the  small  input  profile  perturbations  and  collisions^  These  properties  make  the  cnoidal  waves  especi^ly 
perspective  for  such  practical  purposes  as  the  optical  interconnects  design  and  construction  of  the  nonlinear  optical  devices 
for  light  by  light  control.  One  of  the  most  important  features  of  the  cnoidal  waves  is  that  in  the  limit  of  the  strong 
localisation  they  transform  into  the  well-known  dark  and  bright  solitons^. 

From  the  practical  point  of  view  the  main  perspectives  of  the  cnoidal  waves  operating  devices  constmction 
connected  with  optical  fibres.  The  several  experimental  woiks  dealing  with  cnoidal  waves  propagation  in  the 
photorefiuctive  crystals  has  already  been  successfully  performed^’*.  As  was  shown  in  one  of  the  earliest  works  connected 
with  photorefractive  solitons®,  the  use  of  the  additional  incoherent  background  illumination  of  the  photorefractive  crystals 
(PRC)  enables  one  to  realise  nonlinearity  close  to  that  in  Kerr  materials.  The  influence  of  the  spatially  nonlocal  diffusion 
component  of  the  nonlinear  response  gives  an  additional  refractive  index  contribution,  which  is  proportional  to  the 
derivative  of  the  light  intensity  on  the  transverse  coordinate’.  The  physical  manifestation  of  the  latter  effect  is  the  well 
known  beam  self-bending*-’.  Specific  features  of  the  self-bending  of  photorefractive  solitons  were  also  studied  in  the 
reference*®. 

Note  that  in  the  optical  fibre  transmission  systems  one  in  fact  dealing  not  only  with  localised  soliton-like  pulses  but 
also  with  the  objects  of  the  cnoidal  wave  type.  In  this  temporal  case,  the  presence  of  the  inertial  Raman  component  of  the 
nonlinear  response  (which  is  described  by  the  term  with  temporal  derivative  of  light  intensity)  results  in  the  Raman  self¬ 
frequency  downshift**.  This  phenomenon  is  by  mathematical  description  analogous  to  the  spatial  beam  self-bending. 

Thus,  the  cnoidal  wave  theory  extension  to  the  case  of  more  complicated  then  the  cubic  one  mechanism  of 
nonlinearity  is  of  great  importance.  In  the  present  work,  we  investigate  the  influence  of  the  inertial  component  of  the  fibre 
response  on  the  cnoidal  waves  propagation  dynamic  with  using  of  the  approximate  analytical  consideration  and  numerical 
simulation.  We  analyse  dependence  of  the  self-bending  parameter  on  the  degree  of  the  localisation  of  the  wave  energy. 


*  Correspondence:  e-mail:  azesh@aatewav.phvs.msu.su;  phone:  (095)  939-34-38;  fax:  (095)  939-14-89 


Laser  Optics  2000:  Control  of  Laser  Beam  Characteristics  and  Nonlinear  Methods  for  Wavefront  Control, 
Leonid  N.  Soms,  Vladimir  E.  Sherstobitov,  Editors,  Proceedings  of  SPIE  Vol.  4353  (2001) 

©2001  SPIE  •  0277-786X/01/$15.00 


315 


2,  THEORETICAL  MODEL 


The  propagation  of  the  ultrashort  laser  pulse  in  the  optical  fibre  can  be  described  with  the  standard  shortened  wave 
equation  regarding  normalised  complex  amplitude  q(r^  t)  expressed  in  the  “soliton”  units'^'** 


(1) 


Here  q  corresponds  to  the  normalised  running  time  {t-zlc)li^\  %  corresponds  to  the  longitudinal  coordinate  z/L^ 
normalised  by  the  dispersion  length  |  fc"| ;  parameter  p  is  proportional  to  the  ratio  t^/Tq,  where  is  the  Raman 

response  characteristic  time.  The  nonlinear  Shrodinger  equation  of  the  type  (1)  was  also  considered  in  refererences*®  '  .  The 
last  term  in  the  right  side  of  Equation  (1)  describes  the  self-fi-equency  shift  effect  resulting  from  the  energy  transfer  from  the 
high-  to  the  low-frequency  spectral  components.  The  first  term  in  the  right  part  of  Equation  (1)  describes  the  dispersion 
spreading  and  the  second  one  the  self-compression  due  to  the  Kerr  component  of  nonlinear  response  of  optical  fibre. 

In  the  case  of  the  comparatively  long  optical  pulses  (when  parameter  p  is  very  small)  Equation  (1)  is  transformed 
into  the  well-known  nonlinear  Shrodinger  equation,  which  has  two  periodical  solutions  in  the  form  of  the  cnoidal  waves: 


Qcr.{n,t}  =  m  cn(TT, m) exp[i^(m^  - 1  / 2)] , 
9<fn  in,  ?)  =  dnCiT.  m)  exp[i?(l  -  m  V  2)] , 


(2) 


which  can  propagate  undistorted  through  the  optical  fibre.  In  the  formula  (2)  cn(Y),m)  and  dn(r^,m)  are  the  periodical 
elliptical  functions  of  the  coordinate  rj.  The  cn(ri,m)  function  has  the  unity  amplitude  and  can  take  both  positive  and 
negative  signs;  dn(7i,  m)  function  is  always  positive  and  reaches  close  to  zero  values  only  for  the  case  of  the  strong 
localisation  (see  Fig.  1).  Parameter  m  varies  from  0  to  1  and  describes  the  degree  of  localisation  of  the  cnoidal  waves. 


Figure  I .  Shapes  of  the  cn-  and  dn- waves  for  the  different  degree  of  localisation  of  the  wave  field  energy. 

The  role  of  localisation  parameter  m  can  be  easily  interpreted  for  the  second  solution  When  the 

localisation  parameter  m  is  close  to  zero,  the  amplitude  of  this  solution  also  goes  to  zero  providing  that  the  nonlinear  terms 
in  the  NLSE  can  be  neglected.  In  this  linear  limiting  case  cn(T],  m)  function  is  well  approximated  by  cos(r])  with  2% 
period,  that  corresponds  to  the  weak  localisation.  With  increasing  of  the  localisation  parameter  m  the  contribution  fi-om  the 
nonlinear  terms  increases.  The  wave  period  increases  with  increase  of  m  and  for  m=l  goes  to  infinity.  The  profile  of  the 
cnoidal  wave  cn(ri,  m)  is  then  well  described  by  the  well-knovra  hyperbolic  secant  type  solution  of  the  NLSE.  Thus  one 
can  write  the  following  asymptotic  expansions: 

Qcn  (’I-  ?)L_»o  =  ^  exp(-z?  /  2) ,  (r),  =  sech(ri)  exp(i^  /  2) .  (3) 
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The  second  solution  presented  by  the  formula  (2),  for  the  case  of  small  m  transforms  into  the  planar  wave  of  the 

unity  amplitude  and  for  m  =  1  is  described  by  the  hyperbolic  secant  type  solution  of  NLSE  just  as  (ri,  t) : 

9<in(iT.?L-^  =  exp(t?) ,  =  sech(Ti)exp(t?/2) .  (4) 

Hereafter  we  consider  self-bending  of  the  presented  above  cnoidal  waves  due  to  the  inertial  component  of  the 
nonlinear  response  of  the  optical  fibres.  Parameter  p  describing  the  strength  of  this  effect  is  chosen  to  be  of  the  order  of  0.1 
(this  is  a  quite  character  value  for  the  real  experiments).  In  this  case  the  shape  of  the  cnoidal  wave  (2)  launched  into  the 
nonlinear  medium  only  slightly  changes  during  the  propagation  process  owing  to  tire  inertial  component  of  the  noiftinear 
response.  Our  main  task  was  to  analyse  the  dependence  of  the  trajectory  of  motion  of  the  cnoidal  wave  on  the  localisation 
parameter  m.  Further  we  separately  consider  the  cases  of  cn-wave  ?)  and  dn-wave  qj„{y\,  %) .  Notice  that  non-periodic 
multi-hump  stationary  solutions  of  equation  (1)  are  also  known’*. 

3.  SELF-BENDimG  OF  THE  CN-WAVE 

To  describe  self-bending  of  the  cn-wave  we  use  the  fact,  that  for  the  values  of  the  localisation  parameter  m  lying 
within  the  rather  wide  range  the  spectrum  of  such  wave  consists  of  only  two  harmonics.  One  can  clearly  see  it  for  example 
fi-om  the  well-known  expansion 


cn(r],  m)  = 


2n  ^  {2n  +  l)nYi 

- y  — ^-cos-^ - 


(5) 


<t/2 

where  g{m)  =  ey:p[-nK\m)  /  K{rn)\  is  the  Jacobi  parameter;  K{m)=  J[1  -  sin^  dtp  and 

0 


«/2 

K\m)=  |[l-(l-m^)sin^  tp]‘’''^d(p  are  the  elliptical  integrals,  which  describe  the  period  of  the  cnoidal  wave  and 
0 

depend  on  the  value  of  the  localisation  parameter  m.  This  expansion  is  valid  for  m  ranges  fi-om  0  to  approximately  0.8.  For 
this  values  of  localisation  parameter  the  first  two  harmonics  in  spectrum  (5)  with  frequencies  ±7i  /  2K  contains  more  than 
95  %  of  the  energy  of  cnoidal  wave. 

In  accordance  with  the  two  harmonics  approximation  we  write  the  field  in  the  following  way: 


q{%%)  =  a,(^)exp(-iur))  +  aft(^)exp(ia>ri) . 


(6) 


Here  a,  (5)  and  a^(?)  are  the  complex  amplitudes  of  the  harmonics  and  w  =  ti  /2iT  is  the  frequency.  We  assume  that  at  the 
entrance  of  the  nonlinear  medium  both  harmonics  have  equal  positive  and  real  amplitudes.  In  the  propagation  process  the 
energy  transfers  directly  from  the  higher  to  the  lower  o,  harmonic  leading  to  the  self-bending  of  the  cn-wave.  Of 

course,  the  energy  from  both  a,  and  transfers  into  the  harmonics  with  higher  frequencies  |u|  =  nnf2K  (where  n  ^  2 ). 
However,  the  rate  of  this  process  strongly  depends  on  the  amplitudes  of  harmonics  with  higher  frequencies  and  on  the  initial 
stage  of  propagation  (up  to  ten  dispersion  lengths  for  the  given  value  of  the  parameter  p)  is  rather  small  that  enables  one  to 
consider  only  two  harmonics  approximation. 

Substituting  the  expression  (6)  into  the  shortened  wave  equation  (1)  and  equating  terms  with  the  same  frequencies 
we  obtain  the  following  system  of  two  coupled  differential  equations  for  the  amplitudes  of  the  harmonics: 


=  +2|a^p)+2^^xwa,|aJ^ 

=  +2laif)-2ipo)aJa,f . 

I 


(7) 
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Using  the  set  of  Equations  (7)  one  can  be  convinced  of  the  wave  energy  conservation  |a,|^  +  =  Wg  (where  Wg  is  the 

energy  flux).  The  complex  amplitudes  of  the  harmonics  can  then  be  presented  in  the  following  form:  a,  =  |o,|exp(it(!,)  and 
Ofc  =  |afc|exp(itpft) .  If  we  substitute  these  expressions  into  Equations  (7)  and  derive  real  and  imaginary  parts,  we  obtain  the 
system  of  four  coupled  equations  for  the  real  amplitudes  and  phases  of  two  harmonics.  This  system  can  be  easily  solved  and 
its  solution  has  the  following  form: 


a,  = 


Wn 


I  l  +  exp(-4|iw7n(,?)J 


1/2 


aj  = 


Wn 


\l/2 


1  +  exp(4(i.wmo?) 


!p  = - ln[cosh(2[iwi0o^)] . 

2iJLa> 


(8) 


Here  we  present  formula  only  for  the  phase  difference  tp  =  (p*  -  (p/  between  the  two  harmonics  because  one  can  clearly  see 
from  the  expression  for  the  pulse  power 


qq*  =  +  2|a,|a^  cos((p  +  2a)r^ , 


(9) 


that  the  trajectory  of  the  local  maximum  of  the  cnoidal  wave  is  given  by  the  equation  tp  +  2a)ri  =  0  .  One  should  take  into 
account  that  in  the  propagation  process  the  shape  of  the  initially  symmetric  cn-wave  is  slightly  changed  due  to  the  inertial 
component  of  the  optical  fibre  nonlinear  response.  It  means  that  the  trajectory  of  the  stationary  (asymmetric  due  to  the 
inertial  response  component)  wave  slightly  differs  from  the  trajectory  of  the  initially  unperturbed  symmetric  wave  that  we 
consider.  Nevertheless,  this  difference  is  of  the  order  of  p  (~10  %)  and  does  not  affect  really  on  the  applicability  of  the 
obtained  results  in  practice.  We  have  already  mentioned  that  the  two  harmonics  approximation  is  valid  at  the  initial  stage  of 
wave  propagation  when  (uoiuo?  « 1 .  This  fact  enables  one  to  expand  the  right  part  of  the  last  expression  in  the  set  (8)  in 
the  power  series  on  the  small  parameter  p  and  obtain  that  the  cn-wave  propagates  along  the  parabolic  trajectory 


1  1  _  ,  2^2 


(10) 


where  the  parabolic  self-bending  coefficient  is  proportional  to  the  parameter  p  (one  can  clearly  see  this  trajectory  on  the 
Figure  2a,  which  presents  the  result  of  the  numerical  simulation  of  the  cn-wave  propagation  by  the  split-step  Fourier 
method). 
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Figure  2. 


Propagation  dynamic  of  the  cn-wave  (a)  and  dn-wave  (b)  in  the  optical  fibre  with  inertial  component  of 
nonlinear  response  for  the  case  of  localisation  parameter  m=0.9  (parameter  p=0.1). 
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Using  the  expansion  (5),  one  can  obtain  the  parabolic  coefficient  as  a  function  of  the  localisation  parameter  m: 


%  g  {m) 


(11) 


K*{m)[l  +  g{Tn)Y  ' 

where  g(m)  is  the  Jacobi  parameter  and  K{m)  is  the  elliptical  integral.  This  dependence  is  presented  on  Figure  3  by  curve 


parameter  m 

Figure  3.  Self-bending  coefficient  versus  localisation  parameter  m  for  the  case  of  cn-wave:  results  obtained  with 

the  aid  of  two  harmonics  approximation  (1);  results  of  the  numerical  integration  by  split-step  Fourier 
method  (2);  results  obtained  with  the  aid  of  four  harmonic  approximation  (3).  Parameter  p=0. 1 . 

1 .  Note  that  the  last  formula  is  valid  only  for  the  values  of  the  localisation  parameter  m  from  0  to  approximately  0.8.  Curve 
2  on  Figure  3  shows  the  results  obtained  with  the  numerical  simulation  of  wave  propagation  by  the  split-step  Fourier 
method.  One  can  see  that  within  the  range  of  validity  of  the  last  formula  the  curve  1  demonstrates  good  correspondence  with 
numerical  results  presented  by  curve  2.  Curve  3  shows  the  dependence  of  the  self-bending  coefficient  on  the  parameter  m  obtained 
with  the  aid  of  numerical  integration  of  the  set  of  energy  transfer  equations  (analogous  to  7)  vmtten  already  for  the  four  harmonics. 
Note  the  rather  well  coincidence  of  this  result  with  the  results  obtained  by  the  split-step  Fourier  method.  One  can  see  from 
the  figure  3  that  in  fact  the  cn-wave  practically  does  not  experience  considerable  self-bending  up  to  m  =  0.5  because  of 
small  influence  of  nonlinear  terms  on  the  propagation  dynamics.  For  the  larger  values  of  the  localisation  parameter  self¬ 
bending  coefficient  quickly  increases  and  at  m  =  1  reaches  its  maximal  value  of  (8/15)|i  (for  analytical  results  for  the 
strong  localisation  limit  see  Section  5).  In  the  spectral  domain  this  means  that  the  speed  of  the  energy  transfer  from  the 
higher  to  the  lower  harmonic  (which  determine  the  strength  of  the  self-bending  effect)  strictly  depend  on  the  harmonic 
amplitude  and  greatly  increases  as  harmonic  amplitude  grows  up  when  m— »-l . 

4.  SELF-BENDING  OF  THE  DN-WAVE 

To  investigate  the  self-bending  of  the  dn-wave  we  use  the  finite  number  harmonic  approximation  analogously  to 
the  previous  section.  The  case  of  dn-wave,  however,  is  more  complicated  for  the  analytical  treatment.  The  spectrum  of  the 
dn-wave  consists  at  least  of  three  harmonics:  one  is  the  most  powerful  with  zero  frequency  represents  the  wave  of  the 
constant  amplitude,  and  two  sideband  harmonics  have  the  smaller  amplitudes  and  frequencies  w  =  ±7c  /  iT  .  This  is  clearly 
seen  from  the  expansion  analogous  to  that  used  for  the  cn-wave: 


,  .  It  2% 

dn(Ti,  ml  = - +  —  > 

’  2K  Kt{i  +  g 


in  ^ 


(12) 


This  expansion  is  once  again  valid  for  the  values  of  the  localisation  parameter  from  0  to  approximately  0.8  (with  the  95  % 
energy  criterion). 
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The  other  circumstance  making  the  problem  more  complicated  is  that  the  fimte  number  harmonic  approximation  is 
valid  for  the  dn-wave  at  distances  which  is  smaller  than  that  for  the  cn-wave.  This  is  due  to  that  the  dn-wave  becomes 
unstable  in  the  optical  fibre  with  inertial  component  of  the  nonlinear  response  (the  zero  fi-equency  harmonic  quickly 
transfers  their  energy  into  the  lower  fi^quency  sidebands  resulting  in  the  breaking  of  the  cnoidal  wave  to  the  set  of 
comparatively  localised  pulses.  One  can  clearly  see  this  process  on  the  Figure  2b,  which  presents  the  result  of  the  munericd 
simulation  of  the  dn-wave  propagation  by  the  split-step  Fourier  method.  Nevertheless  the  finite  number  harmonic 
approximation  remains  valid  up  to  the  4-6  dispersion  lengths.  So,  we  write  the  field  in  the  following  manner: 

g(ri,?)  =  a,(?)exp(-ta)ri)  +  ao(?)  +  o  J?)  exp(icori) .  (13) 

Here  a,(?),  cLgi^)  and  Oft(?)  are  the  complex  amplitudes  of  the  lower,  zero  and  higher  harmonics,  correspondingly,  and 
0)  =  7t  /  iT  is  the  fi-equency.  At  the  input  plane  of  the  nonlinear  medium  both  lower  and  higher  harmonics  have  equal 
positive  and  purely  real  amplitudes.  Substituting  expansion  (13)  into  the  shortened  wave  equation  (1)  and  equating  terms 
with  the  same  fi-equencies  we  obtain  the  following  system  of  three  coupled  complex  equations: 

=  -0,(2100  -|a,f)-ao*®A  +iti.ci)(a,|ao|^  +20(|ah|  ). 

2 

=  -“o(2n'o  -Kr)-2a/aA«J  “ “oKf). 

=  -^*(2100  -Kf)-“o*nr  +2ak|ai|  )• 

o?  2 

Here  we  introduce  the  wave  energy  Wq  =ln(f  •  Now  the  energy  exchange  between  harmonics  is  more 

complicated  then  that  for  the  case  of  the  cn-wave.  The  lower  hannonic  receives  Ae  energy  fi-om  both  higher  and  zero 
harmonics  (in  fact  the  energy  exchange  between  lower  and  zero  harmonic  is  much  intensive  then  that  between  higher  and 
lower  harmonic  because  of  large  amplitude  of  the  zero  harmonic).  The  zero-fi-equency  harmonic  lifers  ener^  to  the 
lower  harmonic  and  receives  the  energy  firom  the  higher  harmonic.  Nevertheless,  this  picture  can  be  significantly  simplified 
if  one  use  the  results  of  the  numerical  integration  of  the  system  (14)  that  shows  that  at  the  initial  stage  of  propagation  (up  to 
the  dispersion  length)  the  amplitude  of  the  zero  hannonic  practically  does  not  change  in  comparison  with  the  amplitudes  of 
the  lower  and  higher  harmonics.  In  this  case  the  zero  harmonic  in  fact  determines  the  speed  of  the  energy  exchange  between 
sideband  harmonics.  Thus,  using  the  approximation  of  the  constant  pump  we  can  in  fact  transform  the  three  harmonics 
problem  to  the  previous  case  of  the  two  harmonics.  Introducing  the  real  amplitudes  and  phases  of  harmonics  we  obtain  that 
they  changes  at  the  initial  stage  of  propagation  accordingly  to  the  following  laws: 

la,  (5)1  »  |a,  (0)|(l  +  2nco|ao  f  5) ,  Qq  “  const ,  |a„  (5)|  «  |a,.  (0)|(l  -  2ixw|ao  |"  5)  ■ 

(15) 

tPo  - *  'Pa  ~  'Po  ®  2}xw|ao|  5^ . 


Here  we  once  again  present  results  only  for  the  phase  differences  because  the  trajectory  of  motion  of  the  local  maximum  of 
the  dn-wave  is  described  by  the  equation  cotj  +  (pg  -  tp,  =  0 .  Finally  we  obtain  that  at  the  initial  stage  of  propagation  the  dn- 
wave  propagates  along  the  parabolic  trajectory  with  the  parabolic  coefficient 

Opar  =4(x|«0r- 

One  can  use  the  expansion  (12)  to  obtain  the  dependence  of  the  parabolic  coefficient  on  the  localisation  parameter  m  ranges 
fi-om  0  to  0.8  (see  curve  1  on  Figure  4): 


320 


Proc.  SPIE  Vol.  4353 


(17) 


where  K{m)  is  the  elliptical  integral.  Curve  2  on  Figure  4  presents  the  results  obtained  with  the  help  of  the  numerical 
simulation  of  dn-wave  propagation  dynamic  by  the  split-step  Fourier  method.  Curve  3  presents  the  results  obtained  by  the 
direct  numerical  integration  of  the  energy  transfer  equations  for  the  extended  case  of  five  harmonics  of  the  dn-wave.  One 
can  see  that  in  the  case  of  dn-wave  the  finite  number  harmonic  ^proximation  works  better  then  for  the  cn-wave.  The 
surprising  feature  of  the  self-bending  of  the  dn-wave  is  that  parabolic  coefficient  reaches  it  maximum  value  for  the  close  to 
zero  localisation  parameter  m.  This  is  a  consequence  of  the  fact  that  the  self-bending  effect  strength  (i.e.  the  intense  of  the 
energy  exchange  between  two  sideband  harmonics)  in  the  case  of  dn-wave  is  determined  o^y  by  the  zero  harmonic 
amplitude  which  growth  as  m  goes  to  zero.  With  increase  of  the  degree  of  localisation  of  the  cnoidal  wave  the  self-bending 
coefficient  decreases  (see  cisrve  2  on  Figure4)  and  reaches  the  value  (8/1 5)n  at  m=1 . 


Figure  4.  Self-bending  coefficient  versus  localisation  parameter  m  for  the  case  of  dn-vrave:  results  obtained  with 

the  aid  of  three  harmonic  approximation  (1);  results  of  the  numerical  integration  by  split-step  Fourier 
method  (2);  results  obtained  with  the  aid  of  five  harmonic  approximation  (3).  Parameter  (i=0.1. 


5.  THE  METHOD  OF  THE  EFFECTIVE  PARTICLES 

In  the  two  previous  sections  we  have  discussed  the  self-bending  of  the  cnoidal  waves  on  the  basis  of  the  finite 
number  harmonic  approximation.  As  have  been  mentioned  above  this  method  enables  one  to  obtain  parabolic  coefficient 
Opar  only  for  the  localisation  parameter  m  ranges  from  0  to  0.8.  Nevertheless,  for  the  case  of  the  strong  localisation,  when 
m  =  1  and  both  cn-  and  dn-waves  transform  into  the  hyperbolic  secant  type  solution,  one  can  obtain  the  trajectory  using  so- 
called  method  of  the  effective  particles.  This  method  is  very  frequently  used  in  quantum  mechanics  and  enables  one  to 
obtain  trajectories  of  particle  motion  in  different  potentials  if  the  evolution  of  the  localised  particle  wave  function  is 
governed  by  the  Equation  of  the  type  (1)  (perturbed  NLSE).  With  this  method  one  can  obtain  that  the  pulse  trajectory 
(conditions  q(ri ->+«>,?)  =  0  and  5q(ri ±w,  ?)  /  =  0  are  necessary)  in  the  medium  with  inertial  component  of 

nonlinear  response  is  described  by: 


“’o  4t’1c(^)  =  P  J 


M. 

5r) 


dy\ . 


(18) 


Here  we  introduce  the  pulse  power  =  Jqg  *  dr;  and  the  pulse  centre  coordinate 

-00 


jq  *  qdr\ . 


(19) 
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One  can  see  from  the  Equation  (18)  that  optical  pulse  propagates  along  the  parabolic  trajectory  provided  that  the  pulse 
profile  remains  unperturbed.  The  parabolic  coefiBcient  depends  on  the  pulse  shape,  and  for  the  hyperbolic  secant  type 
solution  is  given  by  =  Sp  / 15 .  As  one  can  see  from  the  curves  2  on  the  Figures  3  and  4  this  result  is  confirmed  by 

results  of  nmnerical  simulation  by  split-step  Fourier  method.  Unfortunately,  the  generalisation  of  the  method  of  the  effective 
particles  to  the  case  of  periodical  cnoidal  waves  (low  localisation)  is  complicated  by  the  certain  difficulties  arising  due  to 
the  boundary  conditions. 

6.  CONCLUSION 

Summarising,  we  considered  the  influence  of  the  inertial  component  of  the  optical  fibre  response  on  the  cnoidal 
waves  propagation  dynamic  using  the  approximate  analytical  treatment  and  computer  simulation.  We  analysed  the 
dependence  of  the  self-bending  parameter  on  the  degree  of  the  localisation  of  the  wave  energy.  Both  analytically  and 
numerically  calculated  dependencies  of  the  self-bending  parabolic  coefficient  on  the  localisation  parameter  m  have  been 
presented.  It  was  shown  that  the  self-bending  coefficient  for  the  cn-wave  increases  with  growth  of  localisation  parameter  m. 
In  the  frames  of  the  finite  number  harmonic  approximation  we  obtained  that  in  the  case  of  the  dn-wave  the  self-bending 
coefficient  monotonically  decreases  as  parameter  m  goes  to  unity. 
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ABSTRACT 

We  consider  the  propagation  of  the  laser  beam  near  the  interface  between  the  linear  dielectric  and  photorefractive 
medium  with  drift  and  diffusion  nonlinearity.  We  demonstrated  the  possibility  of  the  surface  waves  formation,  found 
the  profiles  of  such  surface  modes  and  investigated  waveguiding  properties  of  the  dielectric  -  photorefractive  medium 
boundary.  The  effective  particle  theory  was  used  to  derive  an  ordinary  differential  equation  that  describes  the  beam 
center  trajectory  during  the  reflection  from  the  interface. 

Keywords:  spatial  solitons,  photorefractive  medium,  nonlocal  nonlinear  response,  surface  waves 

1.  INTRODUCTION 

The  laser  beam  propagation  at  the  interface  between  two  media  that  exhibit  different  optical  properties  has 
been  always  an  attractive  problem  from  both  physical  and  practical  point  of  view.  Among  the  variety  of  such  several 
optical  materials  combined  structures,  the  special  cases  of  nonlinear  optical  interfaces  (when  at  least  one  of  the  media 
exhibits  some  kind  of  optical  nonlinearity)  give  rise  to  a  number  of  interesting  phenomena  such  as  laser  beam 
filamentation,  near-boundary  fanning,  surface  wave  formation,  etc.  The  characteristic  features  of  laser  beam  interaction 
with  boundary  and,  for  instance,  the  surface  wave  formation  are  defined  by  the  specific  properties  of  the  nonlinear 
media  forming  the  interface,  i.e.  by  the  exact  nonlinearity  laws.  The  cases  of  Kerr-type  materials  (including  the  linear- 
nonlinear’’^  and  the  nonlinear-nonlinear^  interfaces),  quadratic  nonlinerity'*,  and  Kerr-type  -  saturable  absorber 
boundary’  have  already  been  considered.  Investigation  of  the  surface  waves  at  the  interface  between  materials  with 
more  complicated  nonlinearities  seems  to  be  of  great  importance  for  the  practical  purposes.  The  considerable 
achievements®’^  in  the  spatial  soliton  excitation  in  the  photorefractive  crystals  (PRC)  performing  very  strong 
nonlinearity,  give  rise  to  the  further  activity  in  the  area  of  the  investigation  of  surface  waves  formation  conditions. 

Recently  the  possibility  of  propagation  of  the  nonlinear  surface  waves  near  the  boundary  of  PRC  with 
diffusion  nonlinearity  and  linear  medium  (dielectric  or  metal)  was  considered*,  and  it  was  shown,  that  this  type  of 
optical  nonlinearity  ensures  light  propagation  in  the  narrow  layer  near  the  surface  of  the  sample.  These  nonlinear  waves 
are  formed  because  of  the  interference  between  the  two  waves  reflecting  into  each  other  from  the  boundary  of  the 
sample  and  from  the  Bragg-type  grating  formed  in  the  sample  volume.  Later’’'®  a  similar  near-surface  propagation  of 
the  laser  beam  was  interpreted  as  a  result  of  the  interplay  between  the  boimdary  reflection  and  self-bending  effects" 
arising  due  to  the  nonlocal  diffusion  component  of  the  PRC  nonlinear  response.  Perhaps,  the  most  attractive  feature  of 
the  near-boundary  laser  beam  propagation  is  that  the  concentration  of  beam  energy  in  the  narrow  surface  layer 
significantly  increases  the  operation  speed  of  the  photorefi’active  devices  without  the  need  for  specially  prefabricated 
waveguiding  structures'^’".  The  use  of  the  interplay  between  the  boundary  reflection  and  self-bending  effects  enables 
one  to  construct  waveguiding  structures  that  are  able  to  play  a  role  of  logical  gates  and  light-by-light  operating  devices. 

In  spite  of  the  big  number  of  publications  devoted  to  the  photorefractive  surface  waves  this  problem  calls  for 
the  further  consideration.  In  fact,  the  authors  of  the  earlier  works*"'®  investigated  surface  waves  for  the  specific 
logarithm-type  nonlinearity  which  for  the  case  of  rather  small  dark  conductivity  of  the  PRC  sample  enables  one  to 
obtain  the  linearised  equations  for  the  wave  envelope.  In  the  present  work,  we  consider  the  laser  beam  -  boundary 
interaction  and  surface  waves  formation  at  the  interface  between  the  linear  dielectric  and  typical  PRC  with 
comparatively  high  dark  conductivity.  Both  drift  and  diffusion  component  of  the  PRC  nonlinear  response  are  taken  into 
account  (this  means  we  take  into  account  an  additional  contribution  to  the  refractive  index  which  is  proportional  to  the 
derivative  of  the  light  intensity  and  accounts  for  the  self-bending  effects ''’).  We  apply  both  analytical  approach  based  on 
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the  well  known  in  the  classical  mechanics  method  of  the  effective  particles  (for  details  of  the  method  see  for  example 
reference^)  and  numerical  simulation  based  on  the  shooting  and  beam  propagation  methods. 


2.  THEORETICAL  MODEL 

We  consider  the  propagation  of  the  linearly  polarized  slit  beam  (transverse  extent  of  the  beam  in  the  y- 
direction  greatly  exceeds  that  in  the  x-direction)  near  the  interface  of  the  linear  dielectric  and  nonlinear  photorefractive 
medium.  To  describe  optical  response  of  a  photorefractive  medium  in  such  two-dimensional  case  we  use  the  standard 
set  of  scalar  material  equations  in  the  form  suggested  by  Kuhtarev  and  Vinetskii'^  without  taking  into  account  the 
photovoltaic  effect: 


dn^  _  duj  1  dj 

dt  dt  e  dx’ 


dt 


=  s{I  +  -  K)  -  Yr"e<  > 


3  =  e(rn^(JEo  +  “  1^6 


dn^ 

dx 


(1) 


dE 

^  SC 

dx 


4ne  , 

= - K 

e 


•«d)- 


Here  Ej^x,z,t)  is  the  internal  space-charge  electric  field;  n^,  n*  n/  and  n„  are  the  concentrations  of  free  carriers, 
donors,  ionized  donors  and  acceptors  correspondingly;  s  is  the  cross-section  of  the  photoionization;  I{z,t)  is  the 
radiation  intensity;  describes  the  dark  conductivity  of  PRC;  is  the  recombination  rate  coefficient;  e  and  p  are  the 
charge  and  mobility  of  free  carriers  (negative  for  the  electrons  and  positive  for  the  holes);  e  is  the  static  dielectric 
constant  of  PRC;  0  is  the  temperature  in  energy  units;  Eg  is  the  static  electric  field  applied  to  PRC  in  transverse  x- 
direction  (which  means  both  drift  and  diffusion  components  of  the  current  density  j  are  taken  into  account).  It  is 
supposed  that  the  optical  radiation  propagates  along  z-axis. 

The  set  of  material  equations  (1)  is  completed  with  the  standard  scalar  shortened  wave  equation  for  the 
complex  amplitude  of  the  light  field  A{x,z,t) 


.dA  1  d^  A  ^  . 
dz  2/%  dx^  ” 


(2) 


written  in  the  paraxial  approximation.  Here  ko=(i)n/c  is  the  wave  number;  dn=^{l/2)r^f/n^E,^{x,z,t)  is  the  perturbation 
of  the  refractive  index  n;  is  the  effective  electrooptic  coefficient.  In  (2)  the  spatially  uniform  component  of  n 
resulting  from  the  static  electric  field  Eo  is  dropped  out. 

We  solve  the  set  of  material  equations  (1)  in  a  steady  state  approximation,  that  is  for  d/dt—>-0,  j=j{x).  For  the 
typical  photorefractive  crystals  with  rather  large  dark  conductivity  and  a  weak  diffusion  current,  n„»n„  I«Idark, 
{s/4Tien^){dE/dx)«l,  one  can  reduce  the  set  of  material  equations  (1)  to  a  single  linear  equation  of  the  second  order 
regarding  E,^ 


d^E,,  eE,  dE^  eE^  1  (eE,  ^  dl^ 

dx^  0  dx  0a(x  + 1)  a(x  + 1)/^  V  0  dx^ 


(3) 


Here  parameters  a=e/47ten„  and  %=nJ{njrxi^.  Solution  of  the  equation  (3)  can  be  written*'*’’®  as  the  expansion  on 
derivatives  of  the  radiation  intensity 
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where 


It  should  be  noticed  that  in  any  real  experiment  with  £;o^lO  kV/cm  and  6-300  K  all  terms  in  expression  (4)  with  m>2 
will  be  important  only  when  the  spatial  scale  of  the  changing  light  field  is  less  than  the  wavelength.  So,  in  the 
expression  (4)  we  can  retain  only  two  first  terms  that  are  proportional  to  I{x)  and  dl{x)/dx.  Further,  these  terms  will 
be  called  the  local  and  nonlocal  components  of  the  nonlinear  response.  Substitution  of  the  internal  space-charge  field  of 
the  form  (4)  into  the  shortened  wave  equation  (2)  leads  to  the  following  nonlinear  wave  equation  regarding  normalized 
complex  field  amplitude  q  describing  the  propagation  of  the  linearly  polarized  slit  beam  in  the  volume  of  PRC 


(6) 


Here  y\=x/xfi  is  the  normalized  transverse  coordinate;  Xg  is  an  arbitrary  spatial  scale;  'i—zlLni  is  the  normalized 
propagation  distance;  Laif=h^o  is  the  diffraction  length  corresponding  to  Xq;  ka=nui/c  is  the  wave  number;  n  is  the 
unperturbed  refractive  index;  w  is  the  light  frequency;  g(y],^)=:A(r),5)(i?dr/ nonlinear  parameter 
L^^f=2/{kar^f/n?Eo)  is  the  nonlinear  refraction  length.  Parameter 

—  ^0  ^  6  _ 

^  [eJEo  47!en„(n^ -njJ 


describes  the  magnitude  of  the  nonlocal  component  of  PRC  response.  The  sign  of  n  depends  on  the  direction  of  the 
externally  applied  electric  field  E^.  The  last  term  in  the  right  side  of  equation  (6)  describes  the  self-bending  effects 
resulting  from  the  energy  transfer  from  the  low-  to  the  high-frequency  spatial  component.  The  first  term  in  the  right  part 
of  equation  (6)  describes  the  diffiuction  spreading  of  the  beam,  the  second  one  -  its  self-focusing  due  to  the  drift 
component  of  nonlinear  response  which  is  quasi-local  in  the  two-dimensional  case.  Further  throughout  the  paper  we 
will  use  the  typical  for  real  experiments  values  of  (x-O.l.  Equations  similar  to  equation  (6)  have  been  previously  studied 
extensively  within  the  context  of  self-bending  effects"’**''’  and  nonlinear  fiber  optics,  in  which  the  term  ^q{dlldx) 
stood  for  the  effects  arising  from  intrapulse  Raman  scattering. 

To  describe  the  beam  propagation  near  the  interface  between  the  linear  dielectric  and  nonlinear  photorefractive 
medium  (PRC)  with  drift  and  diffusion  nonlinearity  we  use  composed  (somewhat  phenomenological)  equation 


which  is  analogous  to  (6)  and  enables  one  to  describe  the  beam  propagation  in  both  linear  dielectric  (situated  at 
qe(0,+oo))  and  nonlinear  photorefractive  medium  (situated  at  qe(-oo,0])  with  one  shortened  wave  equation.  This  is  due 
to  the  introduction  of  the  artificial  step-like  fimction 

S{r\)  =  1  for  ri  e  (-00,0] , 

S{r\)  =  0  for  r)  e  {0,+oo) .  (9) 

In  equation  (8)  propagation  distance  z  normalized  now  to  the  diffraction  length  in  the  linear  dielectric  medium 
where  kg^riow/c  is  the  wave  number;  tiq  is  the  refraction  index  of  the  dielectric  medium;  nonlinear 
parameter  changes  to  Rj=kLjif/koU^/,  nonlinear  refraction  length  changes  to  L„^2/{kr^ffn^Eo);  k=-ru£>lc\  n  (>no) 
is  the  unperturbed  refraction  index  of  the  PRC;  parameter  p=x^{l^-k^)/2  characterizes  the  boundary  waveguiding 
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properties  and  is  proportional  to  the  difference  between  refractive  indexes  of  the  dielectric  and  photorefractive  medium; 
parameter  p  as  earlier  defined  by  expression  (7).  Now  the  first  term  in  the  round  brackets  in  (8)  characterizes  the  beam 
interaction  with  dielectric-PRC  boundary.  In  the  area  of  dielectric  medium  (where  5(ti)=0)  equation  (8)  transforms  into 
usual  linear  equation  describing  the  free  beam  diffraction. 

Equation  (8)  is  written  in  the  scalar  approximation  for  the  linearly  polarized  light  beam.  It  was  also  derived  on 
the  basis  of  Kuhtarev-Vinetskii  model  by  D.  Christodoulides  in  low  intensity  limit  (see  equation  (24)  in  reference''^). 
Note  that  inclusion  of  the  second  principal  orthogonal  component  of  the  optical  field  leads  to  the  more  complicated 
coupled  set  of  evolution  equations  for  the  field  components'^^®.  In  such  geometry  new  effects  besides  predicted  by  our 
model  will  certainly  take  place.  For  example  additional  polarization  modulation  appears  due  to  the  birefiingence 
induced  by  the  space-charge  field  or  due  to  the  optical  activity  of  the  PRC  sample^*’^^.  One  should  also  note  that  the 
applicability  of  the  equation  (8)  is  restricted  by  the  gradual  development  of  modulation  instability  of  the  slit  beam  in  the 
photorefractive  medium  with  nonlocal  component  of  nonlinear  response 

For  the  positive  values  of  p  and  p  and  chosen  disposition  of  the  dielectric  and  PRC  the  light  beam  propagating 
in  PRC  far  from  the  boundary  self-bends  toward  the  boundary  due  to  the  diffrision  component  of  the  nonlinear  response 
(to  describe  the  typical  regimes  of  the  beam  propagation  near  the  boundary  we  use  direct  integration  of  equation  (8)  by 
the  beam  propagation  method  with  initial  condition  q'(T),4=0)=sech(Ti-ric)  and  set  p=1.0  and  |i,=0.1).  As  the  beam 
approaches  the  dielectric-PRC  boundary  it  will  experience  boundary  influence  which  finally  can  result  (if  the  incidence 
angle  exceeds  the  total  internal  reflection  angle)  in  the  total  internal  beam  reflection  from  the  less  optical  dense 
dielectric  medium  (see  Fig.  la). 
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Figure  1.  Interaction  of  the  hyperbolic  secant  type  profile  beam  with  the  dielectric-PRC  boundary  for  the  case 

of  p=0.1,  guiding  parameter  p=1.0,  zero  incidence  angle  and  refractive  index  profile  width  tio=0.05. 
Launching  distance  is  Tiin=-5.0  (a);  -28.0  (b);  -1.81  (c).  The  boundary  between  dielectric  and  PRC 
situated  at  r|=0.  The  numerical  gray  scale  values  present  the  beam  intensity  in  different  points. 
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After  reflection  the  light  beam  returns  to  the  boundary  because  of  influence  of  the  diffusion  component  in  the  PRC 
nonlinear  response  thus  resulting  in  the  periodical  near-boundary  oscillations.  If  the  incidence  angle  is  less  then  the  total 
internal  reflection  angle  the  beam  can  be  refiucted  into  the  dielectric  medium  and  after  this  experience  diffraction 
spreading  (Fig.  lb).  The  other  propagation  regime  occurs  when  the  laser  beam  launched  too  close  to  the  boundary,  and 
reflection  overcomes  the  self-bending  effects.  In  this  case  the  beam  initially  goes  away  from  the  boundary  to  the  certain 
distance  determined  by  the  initial  launching  point  and  after  this  returns  to  the  boundary.  Nevertheless,  if  the  light  beam 
launched  close  enough  to  the  dielectric  medium  the  self-bending  effect  and  repulsion  from  the  boimdary  can  be  exactly 
balanced  resulting  in  the  stationary  surface  wave  formation  (Fig.  Ic).  Further  we  perform  the  simple  analysis  of  the 
beam  reflection  from  the  dielectric-PRC  boundary  and  surface  waves  properties  based  on  the  analogies  between  the 
optical  solitons  (in  Kerr  materials)  and  mechanical  particles^. 

3.  BEAM  REFLECTHON  FROM  THE  BOUNDARY  AND  SURFACE  WAVES  FORMATION 


The  point  of  the  stationary  beam  launching  that  corresponds  to  the  surface  wave  formation  can  be  easily  found 
with  the  aid  of  methods  of  usual  mechanics  because  of  the  direct  analogy  between  soliton-like  objects  propagating  in 
nonlinear  materials  and  particles  situated  in  the  field  with  definite  potential  (thus,  the  stationary  beam  launching  point 
corresponds  to  the  point  of  the  local  minimum  of  the  potential  energy).  In  this  section  we  consider  the  dynamic  of  the 
near-boundary  beam  propagation  and  surface  wave  formation  processes  with  using  of  the  so-called  method  of  the 
effective  particles.  This  method  is  very  frequently  used  in  quantum  mechanics  and  enables  one  to  obtain  trajectories  of 
particle  motion  in  different  potentials  if  the  evolution  of  the  localized  particle  wave  fimction  is  governed  by  the 
equation  of  the  type  (8)  (perturbed  nonlinear  Shrodinger  equation).  The  used  mathematical  procedure  is  in  fact 
analogous  to  the  very  powerful  perturbation  theoiy  based  on  the  inverse  scattering  transform  technique  that  enables  to 
obtain  the  changes  of  the  parameters  of  the  sech  type  soliton  solution  of  the  unperturbed  ShrOdinger  equation  due  to  the 
influence  of  the  higher  order  terms.  The  method  is  applicable  for  the  localized  laser  beams  with  q(Ti->±oo,^)=0  and 
9^(q-»±oo,^)/frq=0).  To  obtain  the  equation  for  the  beam  center  trajectory  we  multiply  equation  (8)  by  r[q*  (here  sign  * 
denotes  complex  conjugation).  Integrating  over  q  from  -oo  to  «  and  subtracting  from  the  obtained  expression  its 
complex  conjugate  we  obtain  (talcing  into  account  that  the  beam  is  localized)  that 


dq* 

dr\ 


dr\ . 


(10) 


Here  we  introduce  the  beam  power  tUg 


Jgq  *  dr[ 


and  the  beam  center  coordinate 


’1c(?)=  \q*qdr\. 


(11) 


Differentiating  (10)  over  ^  and  performing  integration  over  q  we  obtain 


df 


^ dq*  dq  dq  dq* 


P’1- 


(12) 


Finally,  substituting  in  (12)  expressions  for  dq/d^  and  dq*ldl  from  the  shortened  wave  equation  (8)  after  easy 
calculations  we  obtain  that  the  beam  trajectory  near  the  dielectric-PRC  boundary  is  described  by: 


w. 


( 

d}  95,  ,2  195,  |4  „| 

0— ^c(?)=  J 

v 


dt 


2  9r) 


9q 


dq . 


(13) 
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The  first  term  under  the  integral  sign  in  Equation  (13)  describes  the  influence  of  the  repulsion  fi-om  the  dielectric-PRC 
boundary  on  the  beam  trajectory.  Second  term  describes  specific  beam  self-action  in  the  presence  of  the  guiding  surface 
and  the  third  one  characterizes  self-bending  effects.  As  beam  goes  away  fi-om  the  boundary  into  the  volume  of  the  PRC 
sample  (i.e.  when  q-^-oo),  the  influence  of  the  boundary  on  the  beam  trajectory  disappears  and  Equation  (13) 
transforms  into  that  describing  self-bending  of  the  localized  beam  in  the  PRC  with  nonlocal  difftision  component  in 
nonlinear  response.  Further,  within  the  fi-ames  of  the  method  of  the  effective  particles,  we  assume  that  the  self-bending 
and  repulsion  from  the  boundary  do  not  strongly  affect  the  stationary  beam  shape  (this  assumption  is  valid  even  when 
the  laser  beam  reflects  from  the  boundary  at  the  angle  close  to  the  total  internal  reflection  angle).  This  memis  to  obtam 
the  approximate  beam  center  trajectory  one  can  substitute  into  the  integral  in  the  ri^t  part  of  Equation  (13)  an 
approximate  expression  for  q(q,^)  in  the  form  of  hyperbolic  secant  type  solution  |  qr(q,^)  |  =xsech[x(q-qc(^))]  (where  x 
is  the  form-factor),  which  is  the  solution  of  the  standard  unperturbed  Shrodinger  equation.  We  also  approximate  step¬ 
like  function  describing  the  properties  of  the  dielectric-PRC  boundary  by  function 

5(ri)  =  [l-tanh(ri/r)o)]/2,  (14) 

where  the  small  parameter  qo  (hereafter  we  use  the  value  qo=0.05)  describes  the  width  of  the  transition  area  between 
dielectric  and  PRC  (this  approximation  is  convenient  for  the  numerical  simulation  and  accoimts  for  the  fact  that  the  real 
boundaries  are  always  smooth).  This  approximation  enables  one  to  use  the  following  expression  for  the  derivative  of  the 
step-like  function: 


(15) 


where  6(q)  is  the  Dirac  delta-function.  . j 

Substituting  the  hyperbolic  secant  type  approximation  for  the  beam  shape  mto  the  mtegral  m  Equation  (13)  and 

taking  into  account  the  expressions  for  S  and  dS/dr],  one  can  readily  obtain  that  the  trajectory  of  the  localized  beam 
with  hyperbolic  secant  shape  near  dielectric-PRC  boundary  is  described  by: 

^  sech^  (xqe )  -  (X’lc )  +  -^  ^ 

(16) 

-t--gx"(sech"(xqJ-l)tanh(xqJ-^^^xx"  tanh®(xqj  • 

As  it  was  already  mentioned,  when  qc^-oo  (that  means  the  beam  goes  away  from  the  dielectric-PRC  boimdary  into  the 
volume  of  PRC)  the  last  equation  transforms  into  that  describing  the  beam  self-bending  along  the  parabolic  trajectory  in 

the  volume  of  PRC: 


8  4 


(17) 


Equation  (16)  is  analogous  to  that  describing  the  motion  of  the  particle  subjected  to  the  influence  of  the  certain 
force  f{r\c)-  Because  of  absence  of  the  energy  dissipation  (mentioned  above  force  does  not  include  derivatives 
of  any  order  m),  for  the  qualitative  analysis  of  the  properties  of  the  solutions  of  Equation  (16)  it  is  convenient 

to  use  the  potential  U{r\J  =  -|/(qcM^c  >  which  can  be  written  in  the  following  form. 


U  =  -^x"tanh=*(xqj-i- 

lo 


f  2  ^ 

z+z_ 

,2  4^ 


tanh(xqj 


(18) 


+  (^X^ 


|'tanh^(xqe)-l  ,  sech^(xqe)  ,  41n(2cosh(xq J) 
^10  y 


X_ 

2  6 


15  10  15 

The  constant  terms  in  the  right  side  of  expression  (18)  appears  due  to  the  convenient  normalization  of  the  potential  C/to 
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the  zero  value  as  tIc-^oo.  Figure  2  shows  the  form  of  potential  U  for  the  different  values  of  the  guiding  parameter  p  and 
values  of  parameter  p=0,  0.05  and  0.1  (hereafter  form-factor  %  chosen  to  be  1.0).  One  can  see,  that  has  the  form 
of  the  potential  hole  (so  the  finite  type  motions  are  possible)  with  the  infinite  height  at  ric-^-oo  and  zero  height  at 
The  inclination  angle  of  the  right  wing  of  the  potential  hole  linearly  increases  with  increase  of  the  parameter  p  (Fig.  2b). 
For  the  zero  value  of  p  potential  has  the  form  of  the  step,  so  there  are  no  finite  types  of  motions  available.  The  value  of 
the  guiding  parameter  p  defines  in  fact  the  potential  hole  depth  that  increases  with  increase  of  p  (Fig.  2a).  According  to 
the  classical  mechanics,  the  minimum  of  the  potential  corresponds  to  the  steady  equilibrium  point,  which  is 
characterized  by  the  exact  balance  between  self-bending  effects  and  repulsion  fi’om  the  dielectric-PRC  boundary.  For 
example  for  the  values  p=0.1,  ;7=1.0,  x=l.O  the  equilibrium  point  situated  at  Tii„=-1.81.  Figure  Ic  shows  the 
propagation  dynamic  of  the  beam  with  hyperbolic  secant  profile  launched  into  the  system  at  this  point  (we  use  here  the 
shortened  wave  Equation  (8)  solved  numerically  by  the  beam  propagation  method).  One  can  see  that  the  beam  only 
slightly  oscillates  in  the  transverse  direction  during  the  propagation  process.  These  oscillations  are  mainly  due  to  the 
transformation  of  the  initial  hyperbolic  secant  shape  into  the  asymmetric  surface  wave  profile.  The  trajectories  of  the 
beam  propagation  calculated  for  the  different  incident  distances  qu,  with  the  differential  equation  (16)  also  show  the 
good  agreement  with  results  obtained  by  the  beam  propagation  method. 


Figure  2.  The  fonn  of  the  potential  {/(Pc)  for  the  different  values  of  the  guiding  parameter  p  and  parameter  p 

describing  the  strength  of  the  self-bending  effect.  Refractive  index  profile  width  qo=0.05.  The 
boundary  between  dielectric  and  PRC  situated  at  q=0. 

Potential  (18)  enables  one  to  obtain  the  critical  launching  distance  qcr-  The  optical  beam  being  launched  into 
the  nonlinear  PRC  far  enough  from  the  boundary  (qbi<qcr)  can  refract  into  the  linear  dielectric.  The  critical  launching 
distance  can  be  found  from  the  relation  C/(q„)=0  that  defines  the  boundary  between  the  areas  of  the  finite  (C;(qc)<0)  and 
infinite  ((7(qc)>0)  types  of  motions.  Taking  into  account  the  fact  that  for  the  large  negative  values  of  qo  functions 
tanh(xqc)^-l  and  sech(xqc)->0  one  can  obtain  that  the  critical  distance  is  given  by 


15p  +  5%^ 


(19) 


The  turning  points  corresponding  to  the  finite  motion  (i.e.  the  penetration  depth  of  the  laser  beam  into  the 
dielectric  area  or  the  minimal  rapprochement  distance  with  boundary)  can  be  found  graphically  from  the  form  of  the 
potential  fJ  as  is  clearly  seen  from  the  first  integral  of  Equation  (16): 


dy\c 

di 


=  2l7(qi„)-2C/(qJ, 


(20) 


where  qi„  is  the  launching  point.  The  turning  points  correspond  to  the  condition  (b\JcK,=0,  so,  if  one  know  qi„,  the 
second  turning  point  can  be  found  from  the  relation  C/(qc)=t/(qiJ.  One  can  see  from  the  Figure  2  that  the  right  wing  of 
the  potential  hole  near  the  point  qc=0  can  also  be  approximated  by  the  linear  function.  This  enables  one  to  obtain  the 
following  relation  between  the  positions  of  the  left  and  right  turning  points  lying  at  the  linear  sections  of  the  potential 

U: 
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The  effective  particles  method  works  well  for  the  localized  beams  with  shape  close  to  the  first  guided  mode 
shape  but  can  not  give  any  information  about  profiles  of  the  higher  order  modes,  so,  further  it  is  necessary  to  apply 
methods  based  on  the  numerical  integration  of  the  shortened  wave  Equation  (8). 

4.  STATIONARY  SURFACE  WAVES  PROFILES 


In  this  section,  we  consider  the  stationary  surface  wave  profiles  and  wave-guiding  properties  of  the  dielectric- 
PRC  boundary  with  the  aid  of  the  numerical  integration.  We  search  for  the  stationary  solutions  of  the  shortened  wave 
Equation  (8)  in  the  standard  steady-state  form  g(q,^)=g(ri)exp(z6^).  After  the  substitution  we  have 

1-  (22) 


d 


—Y  =  2bQ-2S{rMp  +  Q  -2p9  — 


dY\ 


dQ 


dr[ 


Equation  (22)  can  be  solved  numerically  by  the  shooting  method  taking  into  account  the  fact  that  in  the  area  of  the 
linear  dielectric  (where  the  step-like  function  5(t|)=0)  the  initial  values  of  function  g  and  its  derivative  cfg/dr]  can  be 
written  in  the  following  way: 


eCh  >  0)  =  exp[-(26)‘''%], 

=  _(26)i/*  exp[-(26)‘^^  ri] . 
dr] 


(23) 


During  the  numerical  calculations,  we  vary  the  value  of  the  propagation  constant  b  with  the  aim  to  obtain  the  different 
field  distributions.  Note  that  the  left  asymptotic  of  the  surface  wave  (where  amplitude  p  is  so  small  that  the  nonlinear 
terms  can  be  neglected)  is  described  by  the  formula  g(T]-^-oo)~exp[(2(l!^-p))‘^^r)]. 

Figure  3  shows  the  profiles  of  the  first  three  modes  available  at  the  dielectric-PRC  boundary  for  the  case  of 
comparatively  strong  diffusion  nonlinearity  n=0.2  and  a  weak  guiding  p=0.5.  The  width  of  refractive  index  profile  (po 
in  Equation  (14))  practically  does  not  affect  on  the  shapes  of  the  localized  surface  waves  and  as  earlier,  we  set  po'^O.OS. 
One  can  see  from  the  Figure  3  that  the  wave  profiles  is  sloped  toward  the  dielectric-PRC  boundary  due  to  the  influence 
of  diffusion  component  in  PRC  nonlinear  response.  The  wave  amplitude  decreases  but  the  total  wave 

power  F  =  increases  with  increase  of  the  surface  mode  number  m. 


Figure  3.  First  three  eigenmodes  of  the  dielectric-PRC  guiding  surface  for  the  case  of  p=0.2,  guiding  parameter 

p=0.5  and  refractive  index  profile  width  t|o=0.05.  Propagation  constants  used  for  the  numerical 
integration  is  6i=1.202,  62=0-904,  63=0.775.  The  boundary  between  dielectric  and  PRC  situated  at 
q=0. 
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As  the  strength  of  the  diffiision  effects  increases  (i.e.  as  n  growth)  the  amplitude  and  degree  of  the  spatial  localization  of 
the  surface  waves  increases.  At  the  limit  of  the  purely  cubic  nonlinearity  (p=0)  there  are  no  localized  solutions  exist  and 
surface  waves  transform  into  the  periodical  half-infinite  nonlinear  waves.  Note  that  the  duration  of  the  half-period  of  the 
surface  wave  increases  in  fact  linearly  from  right  to  the  left.  Guiding  parameter  p  practically  does  not  affect  the  shape  of 
the  surface  wave  (it  will  be  shown  further  that  p  strongly  affects  only  the  left  wing  of  the  wave)  and  in  general 
determines  the  value  of  the  propagation  constant  6.  Equation  (22)  does  not  enable  one  to  obtain  an  exact  analytical 
expression  for  the  wave  shape.  Nevertheless,  with  using  of  the  variation  approach  one  can  write  an  approximate 
expression  for  the  wave  shape  if  find  an  appropriate  trial  function. 

We  considered  the  stability  of  the  obtained  surface  modes  using  the  technique  of  the  dispersion  diagrams  .  It 
was  proved  that  the  total  wave  power  P(6)  is  a  monotonically  decreasing  function  of  the  propagation  constant  b 
provided  that  the  surface  waves  in  such  a  geometry  are  stable  with  respect  to  the  small  perturbations  of  the  input 
profiles  according  to  the  stability  criterion^''.  We  also  verify  this  assumption  numerically  with  the  aid  of  the  beam 
propagation  method  and  obtain  that  the  surface  waves  are  stable  even  with  respect  to  the  significant  (up  to  10%  in 
intensity)  harmonic  and  noise  perturbations. 

Now  let  us  discuss  briefly  the  waveguiding  properties  of  the  dielectric-PRC  boundary.  Figure  4  shows  the 
dependence  of  the  difference  h-p  between  the  propagation  constant  and  guiding  parameter  on  the  value  of  guiding 
parameter  p  for  the  case  of  p=0.2.  One  can  see  that  there  is  no  cut-off  frequency  for  the  higher-order  modes.  In  fact, 
propagation  constant  b  is  practically  linear  function  of  the  guiding  parameter  p.  Increase  of  the  guiding  parameter 
results  mainly  in  increrising  difference  of  propagation  constants  for  the  modes  of  different  orders  and  steeping  of  the  left 
surface  wave  wing  which  is  described  by  e(Tl-^-«>)~exp[(2(6-p))‘^^Tl].  Figure  4  shows  that  the  higher  order  modes 
group  under  the  first  order  mode  with  increasing  density.  The  difference  between  propagation  constant  b  and  guiding 
parameter  p  goes  to  zero  as  the  mode  order  m  goes  to  infinity. 


Figure  4.  Difference  b-p  between  the  propagation  constant  and  guiding  parameter  versus  the  value  of  guiding 

parameter  p  for  the  first  three  eigenmodes  of  the  dielectric-PRC  guiding  surface.  Parameter  p=0.2, 
refractive  index  profile  width  tio=0.05. 

Figure  5  shows  the  dependence  of  propagation  constant  b  on  the  parameter  p  describing  the  strength  of 
diffusion  component  of  PRC  response  for  the  case  of  guiding  parameter  p=0.5.  One  can  see  that  for  the  available  in  the 
real  experiment  values  of  p  propagation  constant  ranges  within  rather  wide  frames.  Note  the  infinite  increase  of  b  as 
parameter  p  goes  to  zero.  As  was  already  mentioned,  b  defines  the  right  wave  asymptotic,  so  the  increase  of  propagation 
constant  corresponds  to  the  decreasing  of  left  wing  value  of  q.  That  means  the  surface  waves  goes  away  into  the  volume 
of  PRC  sample  and  in  the  limiting  case  p=0  transforms  into  the  periodical  wave. 
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Figure  5.  Propagation  constant  as  a  function  of  the  parameter  p  describing  the  strength  of  the  self-bending 

effect  for  the  first  three  eigenmodes  of  the  dielectric-PRC  guiding  surface.  Guiding  parameter  p=0.5, 
refractive  index  profile  width  tio=0.05. 

5.  CONCLUSION 

Summarizing,  we  have  considered  the  interaction  of  the  laser  beam  with  the  dielectric-PRC  boundary  and 
surface  wave  formation  taking  into  account  both  drift  and  diffusion  components  of  the  PRC  nonlinear  response.  Taking 
into  account  the  particle-like  properties  of  the  optical  solitons  and  using  the  method  of  the  effective  particles,  we  derive 
an  ordinary  differential  equation  (16)  and  potential  (18)  that  describes  the  near-boundary  beam  trajectories  and  enables 
one  to  classify  the  possible  types  of  motion.  The  waveguiding  properties  of  the  dielectric-PRC  boundary  were 
characterized  and  the  eigenmode  profiles  were  found  with  the  aid  of  the  numerical  integration. 
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ABSTRACT 

The  control  implies  a  slow  small  harmonic  modulation  with  properly  chosen  firequency  and  amplitude  to  the  available  laser 
parameter,  for  example,  to  the  loss,  pumping,  or  cavity  detuning.  This  type  of  the  control  results  in  exiting  phenomena  such 
as  nonlinear  parametric  resonances,  a  shift  of  bifurcation  points  (period-doubling  and  saddle-node),  deformation  of 
boundaries  of  attractors  and  even  their  destruction. 

Keywords:  Nonlinear  dynamics.  Chaos,  Parameter  modulation 


1.  INTRODUCTION 

Since  the  appearance  of  the  work  of  Roy  and  his  colleagues'  in  1992  who  demonstrated  for  the  first  time  dynamical  control 
based  on  the  Ott-Grebogi-Yorke  method^  with  Hunt’s  algorithm*  in  an  autonomous  chaotic  multimode  Nd:YAG  laser,  an 
active  search  for  other  methods  of  the  control  is  being  conducted.  Most  of  the  methods  are  based  on  the  stabilization  of 
unstable  periodic  orbits  embedded  within  a  chaotic  attractor.  Successful  experiments  on  controUing  dynamics  in  sohd-^te 
lasers,'-'*’*  CO2  lasers,®"'®  and  semiconductor  lasers'"^  have  been  realized  by  applying  feedback  control  algorithms 
or  by  a  periodic  modulation  to  one  of  the  system  parameters  at  the  qipropriate  frequency,  what  is  known  as  nonfeedback 
control. The  methods  of  nonfeedback  control  do  not  require  a  prior  knowledge  of  the  system  behavior  and  therefore, 
they  are  particularly  appealing  for  systems  whose  state  is  impossible  or  difficult  to  measure  in  real  time  and  wh^  feedback 
control  is  very  hard  to  realize.  The  sinqtle  classification  diagram  of  the  existing  types  of  controlling  methods  is  shown  in 


Figure  1.  Schematic  classification  of  control  methods. 

The  nonfeedback  control  can  be  performed  by  applying  resonant,  near-resonant,  or  nonresonant  perturbation  to  a 
parameter.  The  efficiency  of  the  nonfeedback  control  depends  strongly  on  the  frequency  of  the  control  modulation. 
Generally,  the  resonant  control  means  that  the  ratio  between  the  control  fiequency^^  and  a  characteristic  fiequency  of  the 
system, /r,’  is  a  rational  number,  i.e.,/c  =  (l/n^  (where  n  =  1,2,...).  At  the  resonant  frequence  small  parametric  perti^ations 
enable  to  bring  the  system  to  a  regular  regime,*’’’'®'''  '*  while  the  near-resonant  control,  ’  close  to  a  subharmonic  of  the 
relaxation  oscillations,  f  ~  (l/n)/?,  and  the  nonresonant  control,  f  (1/n)/’^,'’"^  require  a  relatively  large  perturbation 
amplitude.  In  actual  practice  the  nonresonant  control  is  more  convenient  for  laser  systems  because  the  exact  measuring  of 
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the  characteristic  fiequency  is  not  needed.  Moreover,  as  we  showed  recently,'”  the  resonant  (subharmonic)  parametric 
perturbation  makes  the  ^stem  to  be  bistable  by  splitting  the  original  attractor  into  two  new  ones.  As  a  rule,  die  system  is 
attracted  to  the  attractor  with  lower  complexity,  while  the  unstable  periodic  orbit  of  the  original  attractor  is  not  stabilized. 

The  nonfeedback  control  may  be  realized  either  in  the  form  of  fast'’  or  slow  parameter  modulation.'*’’''  In  this  paper  I 
will  demonstrate  by  the  example  of  a  loss-modulated  CO2  laser  that  a  slow  nonresonant  control  can  efficiently  appli^  to 
laser  systems.  The  term  “slow”  means  that  the  fiequency  of  the  control  modulation  is  much  smaller  than  a  characteristic 
fiequency  of  the  system,  e.g.,  the  natural  fiequency  in  case  of  a  nonlinear  oscillator  or  the  driving  fiequency  in  a 
nonautonomous  system  The  slow  modulation  can  induce  parametric  resonances  and  cause  shifting  and  removing 

the  bifiircation  points  in  the  parameter  space.  The  last  effect  provides  a  unique  method  for  controlling  monostability  in 
lasers.  In  this  paper  I  will  review  each  of  these  phenomena  with  numerical  simulations  and  experiments  without  going  into 
details. 


2.  PARAMETRIC  RESONANCES 

The  problem  of  finding  nonlinear  resonances  is  closely  related  to  the  problem  of  optimal  control  of  nonlinear  dynamical 
systems.  First,  we  consider  the  model  of  the  laser  equations  and  then  we  provide  the  experimental  evidence  of  the 
parametric  resonance  in  a  CO2  laser.  The  parametric  resonances  appear  as  a  consequence  of  an  interaction  between  stable 
and  unstable  periodic  orbits  that  leads  to  growing  the  largest  (negative)  Lyapimov  exponent  in  the  system  operated  in  a 
period-doubling  range. 

In  the  numerical  simulations  here  and  after,  we  use  the  model  equations  of  a  driven  class-B  laser:'” 


du/dt-f'(y-ko-k)u,  (1) 

<fy/dt  =  (yo-y)y  -  uy.  (2) 

Here  a  is  proportional  to  the  radiation  density,  y  and  yo  are  the  gain  and  the  unsaturated  gain  in  the  active  medium 
respectively,  x  is  half  round-trip  time  of  light  in  the  cavity,  y  is  the  decay  rate  of  the  gain,  ^  is  the  constant  part  of  the  losses, 
ki  and  are  the  driving  amplitude  and  frequency,  respectively.  The  variable  cavity  losses  k  are  modulated  with  two 
incommensurable  frequencies  so  that 


k  =  ki  cos(2iifi  t)  +kc  cos(27t  fj),  (3) 

where^d,  h,  saAfc,  K  are  the  frequencies  and  amplitudes  of  the  driving  and  control  signals,  respectively.  The  term  k^  cos(2ji 
fc  t)  provides  a  slow  (/c « fd,  sniall  {K  «  kd  modulation  of  the  laser  intensity.  The  following  fixed  parameters  are  used  in 
the  calculations:  r  =  3.5  x  10’’ s,  y  =  2.5  x  10*  s  "',^0  =  0.175,  Ab  =  0.173, /d  =  10*  s  =  10''  s  while  the  other 
parameters  Ad  and  Ac  are  varied  in  the  numerical  simulations. 

The  laser  described  by  the  system  of  Eqs.  (1-2)  exhibits  a  period-doubling  route  to  chaos  with  increasing  the 
bifurcation  parameter  Ad.  The  bifurcation  diagram  of  stroboscopically  measured  u  at  each  period  T^Ufi  without  the  control 
modulation  (Ac  =  0)  is  shown  in  Fig.  2(a).  The  laser  response  on  the  slow  parametric  modulation  Eq.  (3)  was  studied  by 
measuring  the  amplitude  5  of  the  ^  component  from  the  Fourier  spectrum  of  the  laser  intensity  at  each  fixed  bifurcation 
parameter  Ad.  In  Fig.  2(b)  we  plot  fire  norrnalized  amplitude  >4  =  S/Sq  (where  Sb  is  the  amplitude  of  the  ^-spectral  component 
at  Ad  =  0)  versus  the  driving  amplitude  Ad  for  two  different  control  amphtudes,  Ac  =  10’''  (dots)  and  Ac  =  10’*  (crosses).  As 
seen  from  the  figure,  the  positions  of  the  resonances  do  not  depend  on  Ac.  The  value  of  A  can  be  considered  as  an 
amplification  of  the  additive  slow  signal  by  the  laser  as  a  nonlinear  dynamical  tystem.  One  can  see  from  Fig.  2(b),  the  laser 
begins  to  amplify  the  signal  just  after  the  f^  period-doubling  threshold,  and  that^l  has  a  wide  resonance  at  Ad  =  3.7.  With  a 
further  increase  in  Ad,  the  amplification  decreases  and  the  control  signal  is  suppressed  by  the  system,  i.e.,  A<1.  Figure  2(c) 
shows  the  Lyapunov  exponents  X  in  the  presence  (closed  dots)  and  in  the  absence  (open  dots)  of  the  control  modulation. 
One  can  see  that  the  control  leads  to  destabilization  of  the  period  2  because  X  approaches  to  0.  It  is  clearly  seen  that  the 
resonance  in  X  strongly  correlates  with  the  resonance  in^f. 

The  experimental  setup  has  been  described  in  our  previous  works.'®’’”  The  electric  signal  V  =  Vj  cos(2Tifd  t)  +  Fb 
cos(2nfc  t)  was  applied  to  an  acousto-optic  modulator  providing  time-dependent  cavity  losses.  Here  Vj  and  are  the  driving 
and  control  amplitudes,  respectively,yd=  1 10  kHz  and^=  12  kHz. 
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Figure  2.  (a)  Bifurcation  diagram  of  the  CO2  laser  Eqs.  (1,2),  (b)  amplification  of  the  control  signal  K  =  10"^  (dots)  and  K 
=  10“*  (crosses),  and  (c)  leading  Lyapunov  exponents  at  the  absence  (open  dots)  and  at  the  presence  (closed  dots)  of  the 
control. 

In  Fig.  3  we  plot  the  signal-to-noise  ratio  (SNR)  at  the  control  fioquency  fc  versus  the  driving  voltage.  The  boundaries 
of  the  period-doubling  and  chaotic  regimes  (in  the  absence  of  the  control  modulation)  are  schematically  shown  in  the  figure 
by  the  dotted  lines.  One  can  see  that  SNR  has  a  resonance  situated  approximately  at  the  middle  part  of  the  period-doubling 
range.  It  should  be  noted  that  the  control  signal  added  to  the  ^stem  is  relatively  small  as  compart  with  the  driving  signal. 


Driving  amplitude,  WJ,  (V) 


Figure  3.  Experimental  signal-to-noise  ration  at  the  control  firequency. 

Thus,  the  slow  nonresonant  control  can  produce  parametric  resonances  in  a  period-doubled  laser.  The  origin  of  this 
phenomenon  lies  in  the  interaction  between  stable  and  unstable  periodic  orbits.  The  existence  of  the  resonance  amplification 
can  be  crucial  for  communications  implying  that  a  period-doubled  system  can  be  used  as  a  signal  amplifier.  We  believe  that 
the  resonance  observed  in  the  laser  ^stem  is  a  general  phenomenon  because  it  has  been  also  observed  in  a  modulated 
quadratic  map.^ 
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3.  SHIFT  OF  BIFURCATION  POINTS 


Dynamical  ^sterns  are  normally  regulated  by  their  parameters.  When  the  parameters  change,  so  do  the  properties  of  the 
system.  In  particular,  the  stabiUty  of  a  system  may  be  investigated  by  considering  the  results  of  small  disturbance.  If  the 
disturbances  die  with  time  the  system  is  stable,  and  if  the  disturbances  grow  the  system  is  unstable.  At  some  points  in  the 
space  of  parameters  some  of  these  properties  may  change  discontinuously  as  a  fimction  of  one  or  more  paiametere.  This 
happens  in  bifurcation  points.  The  problem  of  bifurcation  control  in  l^rs  can  be  posed  as  shifting  or  removing  the 
bifurcation  point  in  the  parameter  space. 


In  this  paper  we  consider  two  types  of  bifurcations.'  period-doubling  bifurcation  (PDB)  and  saddle-node  bifurcation 
(SNB).  One  of  the  methods  for  studying  dynamical  prc^rties  of  a  system  near  a  bifurcation  point  is  a  slow  variation  of  a 
system  parameter.  By  such  a  way,  Kapral  and  MandeP  found  out  a  characteristic  hysteresis  in  the  bifurcation  diagram  for 
forward  and  backward  linear  sweeps  of  the  control  parameter  in  a  one-dimensional  iterative  m^.  The  hysteresis  appears 
because  of  the  shift  of  the  PDB  point  The  postponement  of  bifurcations  has  been  also  obtained  with  the  Lorenz 
equations.*®  ^®  Later,  the  shift  of  PDB  points  has  been  observed  in  lasers  with  a  slow  harmonic  modulatiom'®'^'’^  First, 
consider  the  influence  of  the  nonresonant  control  on  the  PDB. 


3.1.  PERIOD-DOUBLING  BIFURCATION 

Recently,  we  have  shown*®  that  a  resonant  modulation  can  split  the  originat  attractor  into  two  attractors,  each  is  shifted  to 
opposite  directions  and  the  values  of  these  shifts  depend  on  the  modulation  phase.  A  near-resonant  modulation  can  be 
considered  as  a  superposition  of  a  resonant  modulation  and  a  low-frequency  modulation  or  frequency  detuning;  the  resonant 
modulation  induces  the  attractor  splitting  and  the  low-frequency  modulation  plays  a  role  of  the  phase  varied  in  time.  The 
shift  of  PDB  points  depends  on  the  detuning  and  the  direction  of  the  shift  can  be  either  positive  or  negative,  as  shown  by 
Vohra  and  his  colleagues,'®  that  may  be  a  consequence  of  the  attractor  splitting.  At  the  contrary,  a  slow  modulation  does  not 
induce  new  attractors  but  tracks  a  periodic  orbit  from  its  stable  range  to  the  range  where  the  orbit  is  originally  unstable  and 
by  such  a  way  the  dynamical  stabilization  can  be  realized.  Tracking  an  unstable  periodic  orbit  (UPO)  constrains  a  system's 
trajectory  within  a  periodic  orbit  as  the  system  is  moved,  via  large  parameter  shifts,  through  various  bifrrrcations  into  a 
regime  where  the  orbit  is  inherently  unstable.  The  first  successful  experiment  on  tracking  of  the  UPOs  in  a  laser  has  been 
carried  out  by  Gill  and  his  colleagues''  in  a  solid-state  laser.  Later,  dynamical  tracking  by  shifting  the  PDB  points  has  been 
realized  in  a  CO2  laser'®’^'  and  in  an  optically  pumped  far-infiared  laser.^ 

The  first  experimental  realization  of  dynamical  stabilization  of  the  UPO's  in  lasers  has  been  performed  by  us^®’^'  in 
a  loss-driven  CO2  laser  with  a  slow  modulation  of  cavity  detuning.  The  driving  electric  signal,  Ao  cos  (2Kfot),  at  frequency 
fo=  l/Tand  ampUtude^o  is  appUed  to  the  modulator  providing  time-dependent  cavity  losses.  Varying  the  driving  amphtude 
Ao  from  0  to  10  V,  it  is  possible  to  obtain  different  dynamic  regimes  from  a  period  1  to  chaos.  The  cavity  detuning  was 
chosen  as  a  control  parameter.  The  changes  in  the  cavity  length  within  a  longitudinal  mode  of  the  laser  cavity  lead  to  the 
appropriate  changes  in  the  gain  factor. 


Detuning  (V) 


Figure  4.  Bifurcation  diagrams  at  the  control  frequencies  (a)  850  Hz  and  (b)  5  kHz. 
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Figure  4  demonstrates  the  results  in  dynamic  tracking  unstable  period-1  orbit  at  two  different  control  fiequencies.  At 
the  relatively  slow  modulation  of  detuning,/;  =  850  Hz,  the  period-1  and  period-2  regimes  successively  alternate  at  each 
period  of  the  control  modulation  (Fig.  4(a)],  while  with  increasing  the  control  fiequency  up  to/;  =  5  kHz  the  period  2  does 
not  appear  in  the  laser  response  [Figs.  4(b)]. 

Thus,  a  large  slow  periodic  modulation  of  a  control  parameter  allows  dynamical  tracking  of  unstable  periodic  orbits  by 
in  a  laser. 

3.2.  SADDLE-NODE  BIFURCATION 

In  contrast  with  a  PDB  where  a  new  stable  period  2/»  («  =  1,2,3,...)  orbit  is  created  from  a  stable  period  n  orbit  belonging  to 
a  period  iV  (AT  =  1,2,3,...)  branch,  in  a  SNB  a  new  period  N  +  /  (/  =  1,2,3,...)  branch  is  bom  and  a  new  attector  is  crrat^ 
Therefore,  the  modulation  of  the  control  parameter  near  a  SNB  point  can  change  radically  the  orgariization  of  coexisting 
basins  of  attraction  by  shifting  SNB  points  or  even  eliminating  them  [24].  It  appeared  that  the  shift  of  the  SNB  point 
increases  with  the  velocity  at  which  the  control  parameter  changes. 

In  this  section  we  will  show  how  far  and  in  what  direction  the  boimdaries  which  separate  two  coexisting  basins  of 
attraction  can  be  shifted  when  a  control  parameter  is  periodically  modulated.  (Quantitatively  it  is  express^  in  location  of  Ae 
SNB  points.  Thus,  we  investigate  the  influence  of  the  slow  modulation  of  cavity  losses  on  the  positions  of  coexisting 
attractors  in  a  loss-driven  CO2  laser. 

In  order  to  move  the  SNB  points,  we  use  the  following  sinqrle  algorithm.  In  the  model  Eqs.  (1-2)  the  amplitude  of 
the  variable  cavity  losses  k  =  kj  sm(2Trfd  t)  is  modulated  by  the  following  way 

ka  =  kf{l-0.5m[I-cos(27tf,t)]},  (4) 

where  m  is  the  control  amplitude  and  kf  is  the  initial  driving  amplitude  (at  w  =  0  or/  =  0)  without  the  control  modulatioa 
We  assume  that  the  control  fiequency  /  is  small,  i.e.,/  «/.  Thus,  the  driving  amplitude  kj  is  modulated  between  its 
maximal  value  kj  and  its  minimal  value  kf  (I  -  m).  We  find  that  period-1  and  period-2  attractors  coexist  at  the  following  set 
of  the  fixed  parameters: :  r=  3.5  x  lO^'s,  y  =  10^  s  -',>'0  =  0.18,  ko  =  0.173,/  =  1.12  x  10*  s  The  parameters  *4  k„  and  m 
are  varied  in  the  numerical  simulations. 

In  Fig.  5  we  show  the  bifurcation  diagram  of  stroboscopically  measured  u  (sampled  with  the  driving  T  =  1/fe)  in  the 
absence  of  the  control  modulation  [w  =  0  in  Eq.  (4)]. 


Figure  5.  Bifurcation  diagram  with  coexisting  branches  of  period  1  (PI)  and  period  2  (P2).  The  arrows  inrflcate  the 
positions  of  the  forward  and  backward  SNB  points  without  the  control.  The  dashed  lines  show  the  new  positions  of  the 
branches  in  the  laser  with  the  additional  slow  modulation  Eq.  (4). 
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As  seen  from  Fig.  5,  there  exist  two  SNB  points  where  the  system  changes  the  attractor.  One  of  them  occurs  at  ~ 
1.4  X  10'^  when  we  increase  the  control  parameter,  while  the  system  stays  on  the  period-1  branch.  We  call  this  biftncation  a 
forward  saddle-node  bifurcation  (FSNB).  This  point  indicates  the  upper  boundary  of  the  period-1  branch.  When  kd 
decreases  the  SNB  appears  at  «  10'^.  This  point  indicates  the  lower  boundary  of  the  period-2  branch.  We  call  this 
bifurcation  a  backward  saddle-node  bifurcation  (BSNB).  Thus,  without  an  additional  modulation  the  attractors  coexist  at 
10-^<;kd<1.4x  10^ 

The  parameter  modulation  Eq.  (4)  deforms  basins  of  coexisting  attractors.  This  reveals  itself  as  a  shift  of  the  SNB 
points,  so  that  the  branches  in  the  (hagram  can  be  extended  along  the  dashed  lines.  One  can  see  here  a  principal  difference 
between  dynamical  properties  of  the  FSNB  and  BSNB  points.  The  FSNB  point  always  moves  along  the  branch,  which  is 
unstable  without  the  control  modulation.  This  behavior  is  similar  to  the  dynamical  tracking  due  to  the  shift  of  the  PDB 
point  However,  the  extension  of  the  branch  due  to  the  movement  of  the  BSNB  is  not  a  stabilization  of  an  unstable  orbit 
because  this  is  a  new  prolongation  of  the  branch.  The  additional  modulation  makes  the  system  different  and  the  locations  of 
the  branches  ate  also  changed. 

The  basins  of  attraction  as  a  ftmction  off  for  two  different  modulation  amplitudes  are  shown  in  Fig.  6.  The  dashed 
ranges  correspond  to  the  initial  conditions  of  u  at  which  the  phase  trajectory  is  attracted  to  the  period-2  orbit  and  the  blank 
ranges  display  the  basin  of  attraction  for  the  peiiod-l  orbit  As  seen  from  the  figures,  the  slow  modulation  can  sigruficantly 
deform  the  basins  and  at  certain  frequency  and  amplitude  the  SNB  occurs  (shown  by  the  arrows). 


Figure  6.  Basins  of  attraction  of  the  period-1  and  period-2  attractors  at  (a)  m  =  0.3  and  (b)  0.4. 

In  the  experiments  with  a  single-mode  CO2  laser,'®’^*’  we  explore  the  sets  of  parameters  where  period-1  and  period-2 
attractors  coexist.  The  additional  slow  modulation  was  applied  to  the  driving  amplitude  in  the  same  form  as  in  the  numerical 
simulations  [see  Eq.  (4)]; 
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(5) 


Ad  =Ao{l-  0.5m  [1  -  cos(27rfc  t)]}, 
where  Ao  is  the  initial  driving  amplitude  without  the  control  (at  m=0  or  fc  =  0). 

Coexisting  period- 1  and  period-2  attractors  can  be  found  experimentally  in  the  CO2  laser  with  relatively  high  g^  and 
driving  frequency.  In  Fig.  7(a)  we  show  schematically  the  bifurcation  diagram  in  the  absence  of  the  control  modulation  (m 
=  0),  where  the  driving  amplitude  Ad  is  used  as  a  control  parameter.  The  values  of  at  the  boundaries  between  different 
dyn^cal  regimes  without  the  control  modulation  are  indicated  in  the  figure.  With  slowly  inciea^g  Ad,  the  laser  follows 
the  period-1  branch  and  reaches  the  higher  boundary  of  this  branch  at  Af  =  5.2  V.  Then  it  is  involved  in  the  period-2 
attractor.  While  with  decreasing.^*  the  laser  stays  in  the  period-2  branch  up  to  Ab  =  5  V,  the  lower  boundary  of  the  period-2 
branch.  Thus  there  exists  a  small  hysteresis  range  where  these  two  attractors  coexist  without  an  additional  control 
modulatioa  "i^e  control  modulation  can  extend  significantly  the  range  of  coexistence  of  the  attractors  by  shifting  the  SNB 
points  along  the  hollow  boxes.  In  Fig.  7(b)  we  show  how  the  new  position  of  the  FSNB  point  depends  on  the  amplitude  and 
fiequency  of  the  control  modulatiort 


^o(1  -0.5cos(27tf50] 


0.0  0.2  0.4  0.6  0.8  1.0 
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Figure  7.  (a)  Experimental  bifiircation  diagram.  The  arrows  show  the  directions  for  the  change  of  the  attractor.  The 
application  of  the  control  modulation  Eq.  (5)  shifts  the  SNB  points  along  the  hollow  boxes,  (b)  Position  of  the  FSNB  point 
versus  the  control  amplitude  for  different  control  frequencies  (1)^=50,  (2)  100,  (3)  500,  and  (4)  1000  Hz.^=  254  kHz. 

Thus,  we  have  shown  that  the  additional  slow  periodic  modulation  applied  to  the  loss  changes  the  range  of  coexistence 
of  attractors  by  shifting  SNB  points.  We  have  demonstrated  that  this  shift  depends  strongly  on  the  amplitude  and  frequency 
of  the  control  modulation. 
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4.  ATTRACTOR  ANNIHILATION 

Some  kinds  of  instabilities  in  optical  devices  result  fiom  the  coexistence  of  multiple  attractors  and  occasional  involuntary 
jump  of  the  system  fiom  one  attractor  to  another.  Thus,  the  stabilisation  of  (fynamical  ^em  is  often  related  to  the  problem 
of  controlling  monostability.  A  slow  parameter  modulation  makes  the  system  a  little  different  fiom  the  unperturbed  system 
so  that  one  of  the  attractors  can  be  destroyed  and  the  new  system  becomes  monostable.  Notice  that  no  qualitative  change  of 
the  behaviour  would  have  occurred  if  the  value  of  the  system  parameter  were  increased  by  the  same  magnitude  as  that  of  the 
control  amplitude  but  without  the  additional  slow  modulatioa 

In  the  model  Eqs.  (1-2)  of  a  CO2  laser  with  modulated  losses  k  =  ki  cos(2nfi  f)  the  location  of  the  subcritical  SNB  and 
supercritical  PDB  in  parameter  qjace  of  ki  and  j'o  is  shown  in  Fig.  8.  These  bifiircations  are  the  boundaries  between  different 
dynamical  regimes:  the  period  1,  period  2,  and  bistability.  The  bifiueations  are  merged  when  the  driving  fitequency 
coincides  with  the  double  relaxation  oscillation  frequency,^  =  In  this  work  we  are  interested  in  the  bistability  range. 


Figure  8.  Parameter  diagram  of  the  laser  with  coexisting  attractors. 

The  control  is  applied  to  the  gain  >'0'  +  >'c  sin(2ji  fc  f),  where  is  the  gain  of  the  uncontrolled  laser,  and  and 

are  the  amplitude  and  fiequency  of  the  control.  We  assume  this  additional  modulation  to  be  slow  and  weak  (y^ « 

yo)  and^'o'  is  fixed  at  0. 1855  to  keep  the  operating  condition  in  the  bistable  regioa  The  effect  of  the  control  is  demonstrated 
in  Fig.  9.  A  periodically  forced  CO2  laser,  prior  to  the  control,  is  in  a  period-2  state.  Under  the  control  modulation,  we 
observe  the  annihilation  of  the  period-2  attractor  followed  by  a  jump  to  the  period-1  orbit  When  the  control  is  switched  on, 
the  period  2  disappears  and  the  ^em  jumps,  after  transient  to  the  remaining  period  1. 


0.6  y 

control  on 


Figure  9.  Armihilation  of  the  period-2  attractor. 
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This  phenomenon  occurs  over  a  certain  range  of  the  control  fiequaicy  and  an:q)litude.  The  bifurcation  diagrams  with^J 
as  a  control  parameter  at  differentiae  are  shown  in  Fig.  10.  These  dia^ams  are  obtained  by  saiiq)ling  the  laser  intensity  at  the 
interval  Hf^  One  can  see  a  bubble  cascade  (i.e.,  PI  P2  — »■  P4  ...  chaos  ...  P4  -»  P2  — *•  PI)  in  Fig.  10(a),  where  the 
periodicity  is  referred  to  in  the  sense  of  the  control  signal.  The  chaotic  orbit,  in  the  interior  of  the  cascade,  gets  annihilated 
in  the  range  of  the  control  fitequraicy  0.030  <fjfi  <  0.036. 


'A 


Figure  10.  Bifurcation  diagrams  with  reqrect  to;;  in  the  vicinity  of  annihilation  curve  for  (a)  =  5  x  lO"^  and  (b)  4  x  10"^. 

This  annihiiarinn  is  ejqjected  to  be  due  to  the  collision  with  the  regular  period-2  (in  the  sense  offd  saddle.  After  such 
boundary  crisis,  the  system  jumps  to  the  remaining  period-1  attractor  (not  shown).  The  validity  of  the  method  is  confinned 
experimentally  in  a  loss-driven  CO2  laser  with  a  control  in  tte  fimn  <rf  a  slow  modulation  of  cavity  detuning.  Numerical 
simulations  and  ejqwriments  suggest  that  the  annihilation  of  the  attractor  results  from  its  destabilization  by  the  control 
modulation  and  the  system  switches  to  the  remaining  stable  state.  At  certain  frequencies,  complex  dynamical  behavior  (a 
period-doubling  route  to  chaos  and  crisis)  can  appear  in  the  system  response  at  the  control  frequency,  whfle  the  original 
periodicity  (driving  frequency)  acts  as  a  carrier.  The  temporal  behavior  of  the  laser  before  crisis  is  shown  in  Fig.  1 1. 


Km») 

Figure  11.  Time  series  of  laser  intensity  before  attractor  is  annihilated  at  fixed^= 6  x  10"^;;.  (a)  Period  1  in  the  slow 
envelope  of  the  control  frequency  ;;at>'c  =  5  x  lO"^,  (b)  period  2  at>'c  =  6.6  x  lO"’,  (c)  period  10  at^c  =  7.2  x  10"^,  and  (d) 
chaos  at  >^0  =7-5  x  10"'.  (e)  Crisis  and  destruction  ofthe  period-2  attractor  in;;  at  >'c  =8.1  x  10  . 
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The  subharmonics  in  the  control  result  from  the  resonance  with  the  driving  frequency.  Both  the  driving  frequency  and 
the  fundamental  (relaxation  oscillation)  frequency  are  much  larger  then  the  control  fi:^uency.  However,  the  difference 
between  the  subharmonic  frequency  in  driving  and  the  fundamental  frequency  gets  in  resonance  with  the  control  frequency 
that  results  in  boundary  crisis  of  the  attractor.  The  method  may  have  important  applications  in  stabilization  of  opticd 
devices  whose  instabilities  are  caused  by  system  switches  from  one  coexisting  attractor  to  another,  for  example,  in  lasers 
with  nonlinear  ciystals  or  in  multimode  lasers. 


CONCLUSIONS 

We  have  demonstrated  numerically  and  experimentally  that  nonfeedback  nomesonant  control  of  laser  dynamics  can  be 
efficiently  achieved  by  applying  a  slow  harmonic  modulation  to  an  available  system  parameter.  Such  a  control  can  induce 
parametric  resonances,  shift  bifurcation  points,  deform  basins  of  attraction,  and  even  armihilate  one  of  the  coexisting 
attractors.  In  spite  of  the  fact  that  the  nonresonant  control  looks  like  a  shift  of  the  system  parameters,  no  qualitative  change 
of  the  behavior  would  have  occurred  if  the  value  of  the  parameter  were  increased  by  the  same  magnitude  as  that  of  the 
control  amplitude  but  without  the  additional  slow  modulatioa  This  method  does  not  require  any  real-time  measurement  or 
prior  knowledge  on  the  system.  We  expect  that  the  approaches  we  have  used  are  general  to  be  applied  to  many  other 
nonlinear  systems. 
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ABSTRACT 

The  delayed  feedback  control  of  the  chaotic  dynamics  of  the  optoelectronic  system  with  a  laser  diode  is  analyzed  and 
experimental  results  are  presented.  The  degree  of  the  chaos  suppression  and  suppression  time  were  measured  for  three  cases 
differing  in  the  functional  dependence  of  the  control  signal  on  the  change  of  the  laser  output  power:  proportional, 
exponential  or  combined.  It  was  found  that  the  degree  of  the  chaos  suppression  did  not  depend  much  on  the  control 
technique.  The  suppression  time  was  different  in  all  cases  and  in  the  third  one  it  was  minimal. 

Keywords:  chaos,  control  of  chaos,  laser  diode,  optoelectronic  delayed  feedback. 

1.  INTRODUCTION 

In  many  laser  systems  the  areas  of  chaotic  dynamics  occur  as  the  result  of  the  system  parameters  change  [1].  The  research 
of  the  mechanisms  of  chaos  emergence  and  ways  of  its  control  is  important  for  many  practical  applications  [2,3].  We  made 
both  theoretic  and  experimental  investigation  of  a  delayed  feedback  control  for  a  simple  optoelectronic  model  system.  The 
system  is  similar  to  one  described  in  [4]  and  consists  of  a  single  mode  laser  diode,  collimator,  Fabry-Perot  interferometer, 
delayed  optoelectronic  feedback  loop  for  chaos  initiating  and  two  optoelectronic  feedback  loops  for  chaos  suppressing.  The 
nonlinear  delayed  feedback  on  the  laser  current  leads  to  the  chaotic  dynamics  of  the  laser  wavelength  and  the  output  power. 
This  chaotic  condition  is  controlled  by  perturbations  of  system  parameters  by  the  delayed  feedback.  The  idea  of  this  method 
was  originated  with  K.Pyragas  [5].  In  this  work  the  study  is  made  for  the  case  of  the  chaos  suppressing  that  is  of  major 
importance  for  practical  applications.  Three  cases  of  suppression  were  examined.  In  the  first  case  the  control  signal  was 
proportional  to  the  changes  of  the  output  power  within  the  delay  of  the  system  and  was  summarized  with  the  laser  current. 
In  the  second  case  the  control  signal  was  exponential  to  the  changes  of  the  output  power  within  the  delay  of  the  system  and 
multiplied  by  the  chaotic  loop  amplification  ratio.  In  the  third  case  the  control  signal  was  combined,  i.e.  both  techniques 
were  used  simultaneously. 


2.  THEORY 


Fig.  1 .  The  equivalent  scheme  of  delayed  nonlinear  system. 
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The  system  under  investigation  belongs  to  the  nonlinear  time-delayed  systems.  The  equivalent  scheme  is  shown  in  Fig.  1 . 
The  chaotic  part  of  the  system  composed  of  nonlinear  element  <I>,  delay  line  r,  amplifier  K  was  enveloped  with  the  feedback 
loop.  The  controlling  part  of  the  system  consists  of  differential  amplifier  generating  the  signal  equal  to  the  alteration  of  the 
output  power  within  the  delay  time  t'  proportional  and  exponential  controlling  loop.  The  delay  time  in  this  case  is  much 
more  than  the  time  of  the  system  response,  and  provided  that  the  transition  process  are  neglected,  the  system  dynamics 
could  be  described  by  the  difference  equations  for  optical  power  and  wavelength  of  laser  diode: 

p(t)  =  Po  -  a  •  K  •  exp(ki  •  (P(t)  -  P(t  -  T' )))  ■  <D(p(t  -  x),  ;i(t  -  x))  -b  a  •  k2  •  (P(t)  -  P(t  -  x’ ))  ^ 

^(t)  =  Xo  -  P  •  K  •exp(ki  •  (P(t)  -  P(t  -  X')))  •  <D(p(t  -  x), X(t  -  x))  -b  p  •  k2  •  (P(t)  - P(t  -  x')) 

where  the  initial  conditions  -  Pq,  h,  are  the  optical  power  and  wavelength  corresponding  to  the  injection  current  lo  of  the 
laser  diode  ;  a,  P  -  proportionality  factors;  O  -  power  of  light,  transmitted  through  the  Fabry-Perot  interferometer;  kl,  k2  - 
the  coefficients  of  the  terms  responsible  for  the  chaos  control;  x  -  time  delay  of  the  feedback  loop  generating  the  chaotic 
oscillations;  x'  -  time  delay  of  the  control  feedback  loop  and  K  -  amplification  coefficient.  A  specific  type  of  the  non¬ 
linearity  depends  on  the  optical  scheme  configuration.  In  our  investigations  the  spectral  width  of  the  emitted  line  is  much 
less  than  interferometer  resonance,  hence  the  following  approximation  can  be  used: 


0(P,A,) 
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1  +  F-sin^ 


27tL^ 


(2) 


where  F,  L  are  the  finesse  and  the  thickness  of  the  interferometer. 
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Fig.  2.  The  bifurcation  diagram  without  control  (kl,  k2  =0)  for  K=0,8  (numerical  simulation). 

When  there’s  no  control  (kl,  k2=0)  the  change  of  the  initial  conditions  leads  to  the  system  transition  to  a  chaotic  dynamics 
through  the  period  doubling  bifurcation.  The  behavior  of  the  system  is  investigated  by  means  of  a  numerical  simulation.  In 
Fig.  2  the  typical  bifurcation  diagram  for  K  =  0.8  is  presented  and  optical  power  dependence  on  time  is  shown  in  Fig.  3 
corresponding  to  its  different  regions.  The  result  of  the  numerical  simulations  show  that  for  the  initial  conditions  Pq,  less 
than  a  certain  value  the  unique  dependence  of  the  optical  power  on  the  injection  current  is  valid.  At  first  a  part  of  the 
diagram  conforms  to  the  light-current  characteristics  of  the  laser  and  corresponds  to  the  case  when  the  wavelength  is  far 
enough  from  the  interferometer  resonemce,  i.e.  transmittance  <1>(P,  A.)  is  close  to  zero  and  the  disturbance  caused  by  the 
nonlinear  feedback  is  quenching  quickly.  For  the  case  of  increasing  the  injection  current  Iq,  the  wavelength  Aq  approaches 
the  interferometer  resonance,  the  transmittance  grows  and  the  system  passes  through  the  first  bifurcation  point  -  the  stable 
periodic  oscillations  of  the  2x-period  are  generated  (Fig.  3a).  The  further  increase  of  the  injection  current  leads  to  the  rise  of 
the  oscillation  amplitude  and  it  is  apparent  in  the  diagram  with  the  forked  opposite  branches.  Near  the  transmission  peak  the 
oscillation  amplitude  reaches  its  maximum.  While  passing  through  the  resonance,  the  oscillation  amplitude  decreases  and 
the  opposite  branches  in  the  diagram  become  closer.  Then  the  system  is  getting  over  the  second,  third  ...,  and  so  on. 
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bifurcation  point  and  the  period  of  optical  power  oscillation  redoubles  (Fig.  3b).  It  should  be  mentioned  that  the  opposite 
branches  in  the  diagram  behave  similarly  two  the  first  ones.  The  highest  oscillation  amplitude  is  achieved  when  the  system 
comes  to  the  area  of  the  interferometer  maximal  transmission.  In  the  chaotic  succession  (Fig.  3c)  some  quasi  states  of  a 
higher  probability  can  be  distinguished.  They  correspond  to  the  diffused  branches  in  the  bifurcation  diagram.  A  number  of 
such  branches,  while  merging  with  each  other,  give  rise  to  the  windows  of  stability  (Fig.  3d),  which  are  later  on  destroyed 
(Fig.  3e).  The  biggest  window  of  stability  corresponds  to  the  power  oscillation  of  the  3T-period  (Fig.3Q.  Stable  oscillations 
of  lower  dimensions  could  also  be  destroyed  according  to  the  scenario  of  the  period  doubling  (Fig.  3g)  resulting  in 
appearance  of  new  chaotic  areas  (Fig.  3h).  A  breakdown  of  the  chaotic  generation  occurs  when  the  initial  wavelength  value, 
substantially  differs  from  the  interferometer  resonance.  Then  the  optical  power  dependence  on  the  injection  current 
becomes  unique  again  till  the  next  interferometer  resonance. 


t/x  t/x 


Fig.  3.  The  time  series  (numerical  simulation);  a  -  two  cycle  period,  b  -  four  cycle  period,  c  -  chaotic  series  from  the  first 
chaotic  region,  d  -  stable  five  cycle  period  from  the  first  chaotic  region,  e  -  chaotic  series  before  the  region  of  three  cycle 
period,  f  -  three  cycle  period,  g  -  six  cycle  period,  h  -  chaotic  series  before  the  generation  breakdown. 

Presented  numerical  results  correspond  to  a  rather  big  K  value.  As  a  rule,  at  higher  values  the  scaling  of  this  diagram  takes 
place,  while  at  lower  values  qualitative  changes  of  the  dynamics  nature  occur.  At  first  the  stability  windows  and  chaotic 
areas  are  reduced,  then  the  diagram  pattern  is  changed  qualitatively;  instead  of  a  sharp  boundary  a  backward  bifurcation 
cascade  appears  at  the  dynamics  breakdown.  At  low  K-values  the  chaotic  area  disappears  and  only  the  states  with  low 
dimensions  are  realized.  For  K-values  less  than  0.1,  the  unique  dependence  is  only  realized. 

As  it  was  shown  in  [5]  the  controlling  feedback  (P(t)  -  P(t  -  t’))  can  stabilize  periodic  oscillations  of  the  ^-dimension  out  of 
the  chaos  at  t'  =  nx.  The  controlling  signal  shape  should  be  selected  so  that  the  requirement  of  the  unperturbed  laser 
dynamics  under  the  controlling  signal  influence  was  fulfilled.  This  means  that  on  achieving  the  state  of  controllability,  the 
component  designating  the  linear  feedback  is  close  to  zero,  and  the  factor  designating  the  exponential  feedback  is 
approaching  the  value  of  unit. 
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Fig.  5.  The  time  series  of  chaos  suppression  (numerical  simulation)  from:  a  —  two  cycle  period,  b  -  four  cycle  period, 
c  -  chaotic  series,  d  -  stable  six  cycle  period,  e  -  stable  eleven  cycle  period,  f  -  chaotic  series  before  the  region  of  three  cycle 
period,  g  -  three  cycle  period,  h  -  chaotic  series  before  the  generation  breakdown. 

The  bifurcation  diagram  shown  in  Fig  4  differs  from  the  diagram  in  Fig.  2  by  switching  on  the  proportional  control  (kl  =  0, 
0  t'  =  t).  The  suppression  of  the  system  dynamics  occurs  totally  except  for  a  small  fragment  in  the  area  of  chaotic 
generation  breakdown.  In  Fig.  5  the  time  series  for  different  parts  of  the  diagram  are  presented  that  illustrate  the  process  of 
the  suppression  at  the  switched  control.  The  switching  moment  corresponds  to  the  zero  point  and  the  necessary  time  for 
establishing  one  stable  state  is  approximately  the  same  for  different  parts  of  the  diagram.  In  case  &e  transmittance 
coefficient  K  increases,  the  time  interval  needed  for  the  suppression  increases  too  because  the  dynamics  of  the  system 
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becomes  more  complicated.  When  the  depth  of  the  controlling  feedback  is  fixed  and  the  K-value  is  increasing  a  moment 
sets  in  when  it  is  impossible  to  stabilize  the  single  state  and  in  the  diagram  the  region  of  low  dimension  oscillations  and  then 
chaotic  region  will  emerge.  These  regions  could  be  eliminated  by  means  of  a  more  accurate  adjustment  of  the  control  depth. 

3.  EXPERIMENT 

The  experimental  setup  is  presented  in  Fig.  6.  The  763  nm  single  mode  laser  diode  was  used.  The  built-in  photodiode  was 
registering  the  optical  power.  The  spectral  width  of  the  emitted  line  was  estimated  as  200  MHz.  The  wavelength  was 
fluently  adjusted  with  Ae  injection  current  increasing  within  a  large  range.  The  laser  radiation  was  passing  through  the 
Fabry-Perot  interferometer.  The  interferometer  finesse  was  equal  to  10,  the  air  gap  thickness  was  equal  to  1  mm.  In  order  to 
decrease  the  power  reverted  to  the  laser  after  the  reflection  from  the  interferometer  the  radiation  was  transformed  into  a  low- 
diverging  beam  with  the  help  of  collimation  lens  (f  =  20  mm,  NA  =  0,4).  The  same  aim  was  pursued  when  the 
interferometer  was  settled  under  the  small  angle  to  the  optical  axis.  The  laser  radiation  passing  through  the  interferometer 
formed  the  interference  pattern  in  the  shape  of  a  ring  at  the  diaphragm  plane.  The  signal  registered  with  a  photo-detector 
was  amplified  and  then,  after  a  delay  was  subtracted  out  of  the  injection  current.  The  feedback  loop  delay  of  1  ms-duration 
was  selected.  Both  the  feedback  loop  delay  and  the  delay  in  the  error  amplifier  arm  were  achieved  with  a  couple  of  12  -  bit 
computer-aid  ADC-DAC.  The  delayed  feedback  loop  along  with  the  non-linearity  caused  by  the  interferometer  provided  the 
generation  of  chaotic  oscillations.  The  differential  amplifier  formed  the  error  signal  proportional  to  the  optical  power  change 
for  the  time  divisible  by  the  delay  time.  This  controlling  signal  was  added  up  to  the  injection  current  and  through  the 
exponential  amplifier  was  multiplied  by  the  amplification  factor  of  the  control  loop. 


Fig.  6.  The  experimental  setup:  1,6-  photo  diode,  2  -  laser  diode,  3  -  collimator  lens,  4  -  Fabry-Perot  interferometer, 

5  -  diaphragm,  7,1 1  -  amplifier,  8,12  -  time  delay,  9  -  differential  amplifier,  10  -  laser  current  driver, 

13  -  exponential  converter. 

In  the  experiments  the  optical  power  dependence  on  time  for  different  values  of  injection  current,  amplifier  factor  of  the 
feedback  loop  and  various  types  of  controlling  feedback  was  registered.  The  obtained  data  allowed  to  plot  bifurcation 
diagrams  characterizing  the  system.  In  Fig.  7  the  experimental  results  are  presented  for  the  scheme  of  chaotic  dynamics 
suppressing  with  the  help  of  the  proportional  controlling  signal.  The  full  oscillation  suppression  is  achieved  (Fig.  7b)  with  a 
small  amplifier  factor  of  the  feedback  loop  when  only  the  low-dimension  chaos  is  observed  in  the  optical  power  (Fig.  7a). 
The  amplification  factor  increase  leads  to  the  complication  of  dynamics,  and  a  full  suppression  becomes  only  possible  at 
amplification  values  lower  than  a  certain  critical  level.  The  diagram  of  the  system  bifurcation  for  this  critical  value  is  shown 
in  Fig.  7c  and  the  corresponding  diagram  with  the  2T-period  oscillations  is  presented  in  Fig.  7d.  When  the  amplification 
factor  exceeds  the  critical  value  the  area  of  an  incomplete  suppression  of  optical  power  is  growing.  In  Fig.  7e  the 
experimental  bifurcation  diagram  similar  to  the  numerical  simulation  (Fig.2)  is  shown.  When  the  suppression  is  switched 
on,  the  oscillations  of  the  4t-  and  6T-period,  as  well  as  chaotic  ones  in  the  fist  area  are  suppressed  completely.  In  the  areas 
of  the  2t,  3t,  4t...-  period  oscillations  and  in  the  following  chaotic  areas  the  bistable  oscillations  are  synchronized.  In  the 
areas  where  chaotic  oscillations  are  disturbed  for  lack  of  suppression  the  chaotic  splashes  occur,  caused  by  the  system 
response  to  the  suppression. 

The  similar  bifurcation  diagrams  were  obtained  in  the  experiments  for  the  exponential  and  combined  types  of  suppression. 
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Fig.  7.  The  bifurcation  diagram  without  and  with  proportional  control  (experimental  results) 
for:  a,  b  -  K=0,4;  c,  d  -  K=0,6;  e,  f  -  K=0,8. 
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Fig.  8.  Suppression  degree  (a),  suppression  time  (b)  versus  dynamic  complexity  (experimental  results). 


The  suppression  degree  D  was  determined  as  the  ratio  of  the  volumes  occupied  in  the  phase  space  (P,  P,  lo)  without 
suppression  and  with  it.  This  estimation  of  the  suppression  degree  permits  to  take  into  consideration  both  a  dynamics 
complexity  and  influence  of  the  optical  power  amplitude.  The  suppression  degree  was  calculated  from  the  experimental  data 
for  every  factor  of  amplification  all  over  the  injection  current  range. 

The  results  are  presented  in  Fig.  8a,  the  dash  line  and  rectangle  points  correspond  to  the  proportional  control,  the  d&  dot  line 
and  circle  points  correspond  to  the  exponential  control  and  the  dot  line  and  triangle  points  -  to  the  combined  control.  With 
small  amplification  factors  the  suppression  degree  increases  as  the  result  of  the  system  dynamics  complexity.  This  behavior 
is  in  a  good  agreement  with  the  exponential  growing  of  the  suppression  degree  proved  by  the  numerical  simulations.  Here 
the  suppression  degree  for  the  system  with  the  combined  control  twice  as  much  exceeds  the  suppression  degree  for  the 
system  with  the  proportional  control,  and  the  suppression  degree  for  the  system  with  the  exponential  control  twice  as  much 
exceeds  the  suppression  degree  for  the  system  with  the  combined  control.  However,  when  the  amplification  factor  exceeds 
the  critical  value  the  similar  decrease  of  the  suppression  degree  is  observed  with  increasing  of  the  system  dynamics 
complexity  for  all  the  three  schemes  of  suppression. 

The  application  of  the  combined  suppression  allowed  to  obtain  only  one  gain,  it  was  in  the  speed  of  the  system 
transition  from  the  chaotic  to  stable  state.  In  order  to  estimate  the  speed,  the  transition  time  T  was  measured  since  the 
moment  when  the  suppression  scheme  was  switched  on  till  the  moment  of  establishing  a  stable  mode.  In  Fig.  8b  the  relative 
transition  time  T/t  versus  the  amplification  factor  value  for  the  injection  current  within  the  first  chaotic  region  is  illustrated. 
The  dash  line  corresponds  to  the  numerical  simulations,  rectangle  points  -  to  the  experimental  results  for  the  proportional 
control,  the  d&dot  line  -to  the  numerical  simulations,  and  circle  points  -  to  the  experimental  results  for  exponential  control, 
and  the  dot  line  -  to  the  numerical  simulations,  triangle  points  -  to  the  experimental  results  for  the  combined  control.  In  the 
scheme  of  the  proportional  control  the  transition  time  increases  significantly  with  the  chaotic  oscillation  amplitude  increase. 
For  the  scheme  with  the  exponential  control  the  transition  time  is  less  noticeable.  And  for  the  scheme  with  the  combined 
control  the  minimal  transition  time  is  achieved. 


4.  CONCLUSION 

Thus  the  experiments  show  that  the  optical  power  dynamics  of  the  semiconductor  laser  with  a  nonlinear  delayed  feedback 
could  be  suppressed  by  means  of  a  small  controlling  signal  exerting  its  influence  on  one  of  the  controlling  parameters  of  the 
system.  The  continuous  disturbances  make  it  feasible  to  synchronize  one  stable  state  not  only  from  the  chaotic  oscillations 
but  also  from  the  low-dimension  oscillations.  As  a  result  the  full  suppression  is  achieved  for  low  complexity  of  the  system 
dynamics.  But  as  the  dynamics  complexity  is  growing,  the  suppression  intensity  becomes  lower  irrespective  of  the  selected 
method  of  suppression.  Probably  it  is  caused  by  the  fact  that  although  the  amplification  factor  is  the  system  parameter,  still 
the  controlling  signal  finally  effects  the  injection  current,  too.  The  suppression  intensity  practically  does  not  depend  on  the 
controlling  method  and  is  decreasing  with  the  increase  of  the  system  complexity.  The  suppression  time  for  different 
methods  was  also  measured.  The  type  of  the  functional  dependence  of  the  controlling  signal  on  the  output  power  determined 
the  value  of  the  suppression  time.  It  increased  significantly  with  the  rise  of  the  system  complexity  in  case  of  the  proportional 
control,  a  low  increase  was  observed  in  case  of  the  exponential  control  and  practically  no  increase  and  minimal  level  of  the 
suppression  time  was  in  the  combined  control. 
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The  use  of  the  combined  suppression  method,  simultaneously  with  two  parameters,  has  only  one  advantage,  the  higher 
suppression  speed,  while  the  time  of  the  transition  from  a  chaotic  to  stable  state  decreases  and  weekly  depends  on  the 
complexity  of  the  system  dynamics. 
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